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Chapter

Scientific notation and metric prefixes

B INTRODUCTION

There are some 3000000000 base pairs (bp) making up human genomic
DNA within a haploid cell. If that DNA is isolated from such a cell, it will
weigh approximately 0.000000000003 5 grams (g). To amplify a specific
segment of that purified DNA using the polymerase chain reaction (PCR),
0.00000000001 moles (M) of each of two primers can be added to a reaction
that can produce, following some 30 cycles of the PCR, over 1000000000
copies of the target gene.

On a day-to-day basis, molecular biologists work with extremes of num-
bers far outside the experience of conventional life. To allow them to more
easily cope with calculations involving extraordinary values, two shorthand
methods have been adopted that bring both enormous and infinitesimal
quantities back into the realm of manageability. These methods use scien-
tific notation and metric prefixes. They require the use of exponents and an
understanding of significant digits.

1.1 SIGNIFICANT DIGITS

Certain techniques in molecular biology, as in other disciplines of science,
rely on types of instrumentation capable of providing precise measure-
ments. An indication of the level of precision is given by the number of dig-
its expressed in the instrument’s readout. The numerals of a measurement
representing actual limits of precision are referred to as significant digits.

Although a zero can be as legitimate a value as the integers one through
nine, significant digits are usually nonzero numerals. Without information
on how a measurement was made or on the precision of the instrument
used to make it, zeros to the left of the decimal point trailing one or more
nonzero numerals are assumed not to be significant. For example, in stating
that the human genome is 3000000000bp in length, the only significant
digit in the number is the 3. The nine zeros are not significant. Likewise,
zeros to the right of the decimal point preceding a set of nonzero numerals
are assumed not to be significant. If we determine that the DNA within a
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2 CHAPTER1 Scientific notation and metric prefixes

sperm cell weighs 0.000000000003 5 g, only the 3 and the 5 are significant
digits. The 11 zeros preceding these numerals are not significant.

s
Problem 1.1 How many significant digits are there in each of the
following measurements?

a) 3001000000bp
b) 0.00304g
c) 0.000210 liters (L) (volume delivered with a calibrated micropipettor).

Solution 1.1

a) Number of significant digits: 4; they are: 3001
b) Number of significant digits: 3; they are: 304
c) Number of significant digits: 3; they are: 210

1.1.1 Rounding off significant digits in calculations

When two or more measurements are used in a calculation, the result can
only be as accurate as the least precise value. To accommodate this neces-
sity, the number obtained as solution to a computation should be rounded
off to reflect the weakest level of precision. The guidelines in the following
box will help determine the extent to which a numerical result should be
rounded off.

Guidelines for rounding off significant digits

1. When adding or subtracting numbers, the result should be rounded
off so that it has the same number of significant digits to the right of
the decimal as the number used in the computation with the fewest
significant digits to the right of the decimal.

2. When multiplying or dividing numbers, the result should be rounded off
so that it contains only as many significant digits as the number in the
calculation with the fewest significant digits.

L
Problem 1.2 Perform the following calculations, and express the
answer using the guidelines for rounding off significant digits described
in the preceding box
a) 0.2884g + 283g
b) 3.4cm X 8.115cm
c) 1.2LX 0.155L
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Solution 1.2

a) 0.2884g + 28.3g = 28.5884¢
The sum is rounded off to show the same number of significant digits
to the right of the decimal point as the number in the equation with the
fewest significant digits to the right of the decimal point. (In this case,
the value 28.3 has one significant digit to the right of the decimal point.)

28.5884 g is rounded off to 28.6 g

b) 3.4cm X 8.115cm = 27.591 cm?
The answer is rounded off to two significant digits since there are as
few as two significant digits in one of the multiplied numbers (3.4 cm).

27.591cm? is rounded off to 28 cm?

c) 1.2L+0.155L=7.742L
The quotient is rounded off to two significant digits since there are
as few as two significant digits in one of the values (1.2L) used in the
equation.

7.742Lis rounded offto 7.7L

1.2 EXPONENTS AND SCIENTIFIC NOTATION

An exponent is a number written above and to the right of (and smaller
than) another number (called the base) to indicate the power to which the
base is to be raised. Exponents of base 10 are used in scientific notation to
express very large or very small numbers in a shorthand form. For exam-
ple, for the value 103, 10 is the base and 3 is the exponent. This means that
10 is multiplied by itself three times (10* = 10 X 10 X 10 = 1000). For
numbers less than 1.0, a negative exponent is used to express values as a
reciprocal of base 10. For example,

RN !

1073 = =
10> 10X10X10 1000

= 0.001

1.2.1 Expressing numbers in scientific notation
To express a number in scientific notation:
1. Move the decimal point to the right of the leftmost nonzero digit.

Count the number of places the decimal has been moved from its
original position.
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2. Write the new number to include all numbers between the leftmost and
rightmost significant (nonzero) figures. Drop all zeros lying outside
these integers.

3. Place a multiplication sign and the number 10 to the right of the
significant integers. Use an exponent to indicate the number of places
the decimal point has been moved.

a. For numbers greater than 10 (where the decimal was moved to the
left), use a positive exponent.

b. For numbers less than one (where the decimal was moved to the
right), use a negative exponent.

L
Problem 1.3 Write the following numbers in scientific notation
a) 3001000000
b) 78
c) 60.23 X 10?2

Solution 1.3
a) Move the decimal to the left nine places so that it is positioned to the
right of the leftmost nonzero digit.

3.001000 000

Write the new number to include all nonzero significant figures, and
drop all zeros outside of these numerals. Multiply the new number
by 10, and use a positive 9 as the exponent since the given number is
greater than 10 and the decimal was moved to the left nine positions.

3001000000 = 3.001% 10°

b) Move the decimal to the left one place so that it is positioned to the
right of the leftmost nonzero digit. Multiply the new number by 10,
and use a positive 1 as an exponent since the given number is greater
than 10 and the decimal was moved to the left one position.

78 = 7.8 X 10

€) 60.23 X 10?2
Move the decimal to the left one place so that it is positioned to the right
of the leftmost nonzero digit. Since the decimal was moved one position
to the left, add 1 to the exponent (22 + 1 = 23 = new exponent value).

60.23 X 10%2 = 6.023 X 10%3
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|
Problem 1.4 Write the following numbers in scientific notation
a) 0.000000000015
b) 0.0000500042
c) 43728 X 1077

Solution 1.4

a) Move the decimal to the right 11 places so that it is positioned to the
right of the leftmost nonzero digit. Write the new number to include all
numbers between the leftmost and rightmost significant (nonzero) fig-
ures. Drop all zeros lying outside these numerals. Multiply the number
by 10, and use a negative 11 as the exponent since the original number
is less than 1 and the decimal was moved to the right by 11 places.

0.000000000015 = 1.5 X 10~ "

b) Move the decimal to the right five positions so that it is positioned to
the right of the leftmost nonzero digit. Drop all zeros lying outside the
leftmost and rightmost nonzero digits. Multiply the number by 10 and
use a negative 5 exponent since the original number is less than 1 and
the decimal point was moved to the right five positions.

0.0000500042 = 5.00042 X 10~°

c) Move the decimal point two places to the left so that it is positioned to
the right of the leftmost nonzero digit. Since the decimal is moved two
places to the left, add a positive 2 to the exponent value (=7 + 2 = —5).

43728 X107 = 43728 X 10"

1.2.2 Converting numbers from scientific
notation to decimal notation

To change a number expressed in scientific notation to decimal form:

1. If the exponent of 10 is positive, move the decimal point to the right the
same number of positions as the value of the exponent. If necessary,
add zeros to the right of the significant digits to hold positions from the
decimal point.

2. If the exponent of 10 is negative, move the decimal point to the left the
same number of positions as the value of the exponent. If necessary,
add zeros to the left of the significant digits to hold positions from the
decimal point.
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|
Problem 1.5 Write the following numbers in decimal form
a) 437 X10°
b) 2 x 10’
c) 23.4X%X107
d) 32x10°*

Solution 1.5
a) Move the decimal point five places to the right, adding three zeros to
hold the decimal’s place from its former position.

437 X 10° = 437000.0

b) Move the decimal point one position to the right, adding one zero to the
right of the significant digit to hold the decimal point’s new position.

2x10' = 20.0

c) Move the decimal point seven places to the right, adding six zeros to
hold the decimal point’s position.

23.4 X 107 = 234000 000.0

d) The decimal point is moved four places to the left. Zeros are added to
hold the decimal point’s position.

32X107% = 0.00032

1.2.3 Adding and subtracting numbers written
in scientific notation

When adding or subtracting numbers expressed in scientific notation, it
is simplest first to convert the numbers in the equation to the same power
of 10 as that of the highest exponent. The exponent value then does not
change when the computation is finally performed.

|
Problem 1.6 Perform the following computations
a) (8X10%+(7x10%
b) (2 x10%+ (3% 10"
c (6X1079)+ (8% 1073
d) 39%X107%—-(37x107%
e) 24X1073) — (1.1 x107%
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Solution 1.6

a) (8X10%+ (7x10%
=15x10*
=15X%X10°

=2X%X10°

b) (2 X103 + (3x 10"
= (2 X 10%) + (0.03 X 10%)

=203 x 103
=2x10°

) 6X10729) +(8x1073)
=(6X1072) + (0.8 X 1072

=6.8 X 1072
=7x%x1072

d) 39x107%—(3.7X107%
=02x10"*
=2X107°

e) 24%X1073)—(1.1X107%

=(24X1073) — (0.11 X 1073)

=229 X 1073
=23x1073

Numbers added.

Number rewritten in stand-
ard scientific notation form.
Number rounded off to
one significant digit.

Number with lowest expo-
nent value expressed in
terms of that of the largest
exponent value.

Numbers are added.
Number rounded off to one
significant digit.

Exponents converted to the
same values.

Numbers are added.
Number rounded off to one
significant digit.

Numbers are subtracted.
Numbers rewritten in stand-
ard scientific notation.

Exponents converted to the
same values.

Numbers are subtracted.
Number rounded off to show
only one significant digit to
the right of the decimal point.

1.24 Multiplying and dividing numbers written

in scientific notation

Exponent laws used in multiplication and division for numbers written in

scientific notation include:

The Product Rule: When multiplying using scientific notation, the

exponents are added.
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The Quotient Rule: When dividing using scientific notation, the
exponent of the denominator is subtracted from the exponent of the

numerator.

When working with the next set of problems, the following laws of math-

ematics will be helpful:

The Commutative Law for Multiplication: The result of a multipli-
cation is not dependent on the order in which the numbers are multi-

plied. For example,

3X2=2X3

The Associative Law for Multiplication: The result of a multiplica-
tion is not dependent on how the numbers are grouped. For example,

3X(2X4)=3X2)x4

Problem 1.7 Calculate the product

a) 3x10% X (5% 10%)
b) (2 X 10% X (6 X 107°)
) 4X107)X(2%X1073

Solution 1.7
a) (3X10% X (5% 10?
= (3 X 5) X (10* X 10?)

=15 X 10°
=1.5x%x107

=2x107

b) (2 X 103 X (6 X 107°)
=2 X6)X (103X 1073

=12%X1072
=12%x1073

=1x1073

Use Commutative and Associative
laws to group like terms.
Exponents are added.

Number written in standard scien-
tific notation.

Number rounded off to one signifi-
cant digit.

Use Commutative and Associative
laws to group like terms.
Exponents are added.

Number written in standard scien-
tific notation.

Number rounded off to one signifi-
cant digit.
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£) (4X107)X(2x%X1073)
=(@4X2)X(1072x 1073 Use Commutative and Associative
laws to group like terms.

=8Xx 1023
=8Xx107° Exponents are added.
||
|
Problem 1.8 Find the quotient
) 8x10*
a
2 %10
b 5x10°
3x10°*
82x10°°
) ——
3.6 X10
9Xx107°
d ————=
25X 10
Solution 1.8
\ 8x10*
a
2% 10?
8 _
=3 x10*? The exponent of the denominator is
subtracted from the exponent of the
— 4%102 numerator.
5x10°
b) .
3X10
=2 %1089 The exponent of the denominator is
3 subtracted from the exponent of the
numerator.
=167 x 1084 Exponents: 8 — (—4) = 8 + 4 = 12.
=2x10" Number rounded off to one significant

digit.
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82x10°
36x10*
82 . 64 . :
=—X10 The exponent of the denominator is
subtracted from the exponent of the
numerator.
=23x%x10""° Number rounded off to two significant
digits.
Exponent:
—6—(+4)= -6+ (—4) = —10.
9Xx107°
25x10°3
_ x107°73) The exponent of the denominator is
2> subtracted from the exponent of the
numerator.
=36x1072
=4X102 Number rounded off to one significant
digit.
|

1.3 METRIC PREFIXES

A metric prefix is a shorthand notation used to denote very large or vary
small values of a basic unit as an alternative to expressing them as powers
of 10. Basic units frequently used in the biological sciences include meters,
grams, moles, and liters. Because of their simplicity, metric prefixes have
found wide application in molecular biology. The following table lists the
most frequently used prefixes and the values they represent.

As shown in Table 1.1, one nanogram (ng) is equivalent to 1 X 10™°g.
There are, therefore, 1 X 10°ngs per g (the reciprocal of 1 X 1077
1/1 X 10° = 1 X 107°). Likewise, since one microliter (uL) is equivalent
to 1 X 107°L, there are 1 X 10°mL per liter.

When expressing quantities with metric prefixes, the prefix is usually cho-
sen so that the value can be written as a number greater than 1.0 but less
than 1000. For example, it is conventional to express 0.00000005g as
50ng rather than 0.05 mg or 50000 pg.

1.3.1 Conversion factors and canceling terms

Translating a measurement expressed with one metric prefix into an equiv-
alent value expressed using a different metric prefix is called a conversion.
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Table 1.1 Metric prefixes, their abbreviations, and their equivalent
values as exponents of 10.

Metric prefix Abbreviation Power of 10
giga- G 10°
mega- M 108

kilo- k 103

milli- m 1073
micro- i 1076
nano- n 107°
pico- p 10712
femto- f 1071
atto- a 10718

These are performed mathematically by using a conversion factor relating
the two different terms. A conversion factor is a numerical ratio equal to 1.
For example,

6
X
1X10° pg and lg6
g 1 X10° pg

are conversion factors, both equal to 1. They can be used to convert grams
to micrograms or micrograms to grams, respectively. The final metric pre-
fix expression desired should appear in the equation as a numerator value
in the conversion factor. Since multiplication or division by the number
1 does not change the value of the original quantity, any quantity can be
either multiplied or divided by a conversion factor and the result will still
be equal to the original quantity; only the metric prefix will be changed.

When performing conversions between values expressed with differ-
ent metric prefixes, the calculations can be simplified when factors of 1
or identical units are canceled. A factor of 1 is any expression in which
a term is divided by itself. For example, 1 X 10%1 X 10° is a factor of 1.
Likewise, 1 L/1 L is a factor of 1. If, in a conversion, identical terms appear
anywhere in the equation on one side of the equals sign as both a numera-
tor and a denominator, they can be canceled. For example, if converting
5 X 107* L to microliters, an equation can be set up so that identical terms
(in this case, liters) can be canceled to leave mL as a numerator value.
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5X 107*L = npL Solve for n.
Use the conversion factor relating

1 10° uL. . — L
——— = npL  liters and microliters with microliters

5%X107* L X
as a numerator value. Identical terms
in a numerator and a denominator are
canceled. (Remember, 5 X 107* L is
the same as 5 X 1074L/1.5 X 107*L,
therefore, is a numerator.)

(5 X D(10™* X 109 pL = nuL Group like terms.

5 X 107**0uL = npuL Numerator values are multiplied.

5 X 10*pL = npL Therefore, 5 X 107*L is equivalent
to 5 X 10%uL.

[

Problem 1.9

a) There are approximately 6 X 10°bp per human diploid genome. What
is this number expressed as kilobase pairs (kb)?

b) Convert 0.03mg into ng.

c) Convert 0.0025 mL into mL.

Solution 1.9

a) 6 X 10°bp = nkb Solve for n.
Multiply by a conversion factor relating kb to bp with kb as a
numerator:
6x10°bp X — 2 _ iy
1X10° bp
Cancel identical terms (bp) appearing as numerator and denominator,
leaving kb as a numerator value.

(6 X 10%)(1kb)

1%x 103 - nkb

The exponent of the denominator is subtracted from the exponent of
the numerator.

?x1o9*3kb=6x1oﬁkb=nkb

Therefore, 6 X 10°bp is equivalent to 6 X 10°kb.
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b) 0.03pg = nng. Solve for n.
Multiply by conversion factors relating g to mg and ng to g with ng
as a numerator. Convert 0.03 mg to its equivalent in scientific notation
(3 X 1072maq):

19 X1><109ng:

3X 1072 pg X
1X106p,g o]

nng

Cancel identical terms appearing as numerator and denominator,
leaving ng as a numerator value; multiply numerator and denomina-
tor values; and then group like terms.

Bx1x 101072 x10%)ng
(1x 1)(10%)

=nng

Numerator exponents are added.

3x10*"ng _ 3x10"ng _
1% 108 1% 108

nng

The denominator exponent is subtracted from the numerator exponent.

%X107_6ng= 3X10'ng = nng

Therefore, 0.03 mg is equivalent to 30 (3 X 10")ng.

c) 0.0025mL = npL. Solve for n.
Convert 0.0025 mL into scientific notation. Multiply by conversion fac-
tors relating L to mL and mL to L with mL as a numerator.

X 6
o axatul

25X10 mL X ;
1X10° mL L

Cancel identical terms appearing as numerator and denominator, leav-
ing mL as a numerator value. Multiply numerator values and denomi-
nator values. Group like terms.

(25 X1X (10> X 10%)pL _ ;
x1(103)

Numerator exponents are added.

25%X107°" L 25x10%uL N
1%x10° 1%x10°
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The denominator exponent is subtracted from the numerator
exponent.

21ix1o3*3pL =25x10%puL = 2.5pL = npl

Therefore, 0.0025 mL is equivalent to 2.5mL.

B CHAPTER SUMMARY

Significant digits are numerals representing actual limits of precision.
They are usually nonzero digits. Zeros to the left of the decimal point trail-
ing a nonzero numeral are assumed not to be significant. Zeros to the right
of the decimal point preceding a nonzero numeral are also assumed not to
be significant.

‘When rounding off the sum or difference of two numbers, the calculated value
should have the same number of significant digits to the right of the decimal
as the number in the computation with the fewest significant digits to the right
of the decimal. A product or quotient should have only as many significant
digits as the number in the calculation with the fewest significant digits.

When expressing numbers in scientific notation, move the decimal point
to the right of the leftmost nonzero digit, drop all zeros lying outside the
string of significant figures, and express the new number as being multi-
plied by 10 having an exponent equal to the number of places the decimal
point was moved from its original position (using a negative exponent if
the decimal point was moved to the right).

When adding or subtracting numbers expressed in scientific notation, rewrite
the numbers such that they all have the same exponent value as that hav-
ing the highest exponent, then perform the calculation. When multiplying
numbers expressed in scientific notation, add the exponents. When dividing
numbers expressed in scientific notation, subtract the exponent of the denom-
inator from the exponent of the numerator to obtain the new exponent value.

Numbers written in scientific notation can also be written using metric pre-
fixes that will bring the value down to its lowest number of significant digits.
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Chapter

Solutions, mixtures, and media

B INTRODUCTION

Whether it is an organism or an enzyme, most biological activities function
optimally only within a narrow range of environmental conditions. From
growing cells in culture to sequencing of a cloned DNA fragment or assay-
ing an enzyme’s activity, the success or failure of an experiment can hinge
on paying careful attention to a reaction’s components. This section out-
lines the mathematics involved in making solutions.

2.1 CALCULATING DILUTIONS - A GENERAL
APPROACH

Concentration is defined as an amount of some substance per a set volume:

. amount
concentration = ————
volume

Most laboratories have found it convenient to prepare concentrated stock
solutions of commonly used reagents, those found as components in a
large variety of buffers or reaction mixes. Such stock solutions may include
IM (mole)Tris, pH 8.0, 500mM ethylenediaminetetraacetic acid (EDTA),
20% sodium dodecylsulfate (SDS), 1 M MgCl,, and any number of others.
A specific volume of a stock solution at a particular concentration can be
added to a buffer or reagent mixture so that it contains that component at
some concentration less than that in the stock. For example, a stock solu-
tion of 95% ethanol can be used to prepare a solution of 70% ethanol.
Since a higher percent solution (more concentrated) is being used to pre-
pare a lower percent (less concentrated) solution, a dilution of the stock
solution is being performed.

There are several methods that can be used to calculate the concentration of
a diluted reagent. No one approach is necessarily more valid than another.
Typically, the method chosen by an individual has more to do with how his
or her brain approaches mathematical problems than with the legitimacy
of the procedure. One approach is to use the equation C,V; = C,V,, where

Calculations for Molecular Biology and Biotechnology. DOI: 10.1016/B978-0-12-375690-9.00002-4
© 2010 Elsevier Inc. All rights reserved.
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16 CHAPTER 2 Solutions, mixtures, and media

C, is the initial concentration of the stock solution, V; is the amount of
stock solution taken to perform the dilution, C, is the concentration of the
diluted sample, and V; is the final, total volume of the diluted sample.

For example, if you were asked how many mL of 20% sugar should be
used to make 2mL of 5% sucrose, the C;V; = C,V, equation could be
used. However, to use this approach, all units must be the same. Therefore,
you first need to convert 2mL into a microliter amount. This can be done
as follows:

1000 L
m

2mL X

= 2000L

Ci, then, is equal to 20%, V is the volume you wish to calculate, C, is 5%,
and V), is 2000 pL. The calculation is then performed as follows:

Vi =GV,
(20%)V; = (5%)(2000 mL)

Solving for V; gives the following result:

= (5%)(2000 pL) _ 500 L

20%
The percent units cancel since they are in both the numerator and the
denominator of the equation, leaving mL as the remaining unit. Therefore,
you would need 500 pL. of 20% sucrose plus 1500 uL (2000pL — 500pL =
1500pL) of water to make a 5% sucrose solution from a 20% sucrose
solution.

Dimensional analysis is another general approach to solving problems of
concentration. In this method, an equation is set up such that the known
concentration of the stock and all volume relationships appear on the left
side of the equation and the final desired concentration is placed on the
right side. Conversion factors are actually part of the equation. Terms are
set up as numerator or denominator values such that all terms cancel except
for that describing concentration. A dimensional analysis equation is set up
in the following manner.

. . . unknown volume
starting concentration X conversion factor X —————
final volume

= desired concentration
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Using the dimensional analysis approach, the problem of discovering how
many microliters of 20% sucrose are needed to make 2mL of 5% sucrose
is written as follows:

I mL Xqu

20% X ———
1000 pL 2 mL

=5%

Notice that all terms on the left side of the equation will cancel except for
the percent units. Solving for x L gives the following result:

(20%)x
2000
L _ (5%)(2000) _

20%

= 5%

500

Since x is a pL amount, you need 500 pL of 20% sucrose in a final volume
of 2mL to make 5% sucrose. Notice how similar the last step of the solu-
tion to this equation is to the last step of the equation using the C,V; =
C,V, approach.

Making a conversion factor part of the equation obviates the need for per-
forming two separate calculations, as is required when using the C,V; =
C,V, approach. For this reason, dimensional analysis is the method used
for solving problems of concentration throughout this book.

2.2 CONCENTRATIONS BY A FACTOR OF X

The concentration of a solution can be expressed as a multiple of its stand-
ard working concentration. For example, many buffers used for agarose
or acrylamide gel electrophoresis are prepared as solutions 10-fold (10X)
more concentrated than their standard running concentration (1X). In a
10X buffer, each component of that buffer is 10-fold more concentrated
than in the 1X solution. To prepare a 1X working buffer, a dilution of the
more concentrated 10X stock is performed in water to achieve the desired
volume. To prepare 1000 mL (1L) of 1X Tris-borate-EDTA (TBE) gel run-
ning buffer from a 10X TBE concentrate, for example, add 100 mL of 10X
solution to 900mL of distilled water. This can be calculated as follows:

10X Buffer X & = 1X Buffer nmL of 10X buffer is diluted into

mL a total volume of 1000 mL to give
a final concentration of 1X. Solve
for n.
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10Xn .
= Multiply numerator values.
1000
10Xn S
(1000) X —— = 1X(1000) Use the Multiplication Property
1000 of Equality (see the following
box) to multiply each side of the
equation by 1000. This cancels
out the 1000 in the denominator
on the left side of the equals sign.
10Xn = 1000X
10Xn _ 1000X Divide each side of the equa-
10X 10X tion by 10X. (Again, this uses
the Multiplication Property of
Equality.)
n =100 The X terms cancel since they

appear in both the numerator and
the denominator. This leaves n
equal to 100.

Therefore, to make 1000 mL of 1X buffer, add 100 mL of 10X buffer stock
to 900mL of distilled water (1000mL — 100mL contributed by the 10X
buffer stock = 900 mL).

Multiplication property of equality

Both sides of an equation may be multiplied by the same nonzero quantity
to produce equivalent equations. This property also applies to division:
both sides of an equation can be divided by the same nonzero quantity to
produce equivalent equations.

|
Problem 2.1 How is 640 mL of 0.5X buffer prepared from an 8X stock?

Solution 2.1

We start with a stock of 8X buffer. We want to know how many mL of the
8X buffer should be in a final volume of 640 mL to give us a buffer having
a concentration of 0.5X. This relationship can be expressed mathematically
as follows:

nmL

8X buffer X . = 0.5X buffer Solve for n.

40 mL
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8n _ 0.5X Multiply numerator values on the

640 left side of the equation. Since
the mL terms appear in both the
numerator and the denominator,
they cancel out.

8Xn = 320X Multiply each side of the equation
by 640.

n= % =40 Divide each side of the equation by

8X. The X terms, since they appear
in both the numerator and the
denominator, cancel.

Therefore, add 40mL of 8X stock to 600mL of distilled water to pre-
pare a total of 640mL of 0.5X buffer (640mL final volume — 40mL 8X
stock = 600 mL volume to be taken by water).

2.3 PREPARING PERCENT SOLUTIONS

Many reagents are prepared as a percent of solute (such as salt, cesium
chloride, or sodium hydroxide) dissolved in solution. Percent, by defini-
tion, means ‘per 100.” 12%, therefore, means 12 per 100, or 12 out of every
100. 12% may also be written as the decimal 0.12 (derived from the frac-
tion 12/100 = 0.12).

Depending on the solute’s initial physical state, its concentration can be
expressed as a weight per volume percent (% w/v) or a volume per volume
percent (% v/v). A percentage in weight per volume refers to the weight of
solute (in grams) in a total of 100mL of solution. A percentage in volume
per volume refers to the amount of liquid solute (in mL) in a final volume
of 100mL of solution.

Most microbiology laboratories will stock a solution of 20% (w/v) glucose
for use as a carbon source in bacterial growth media. To prepare 100mL of
20% (w/v) glucose, 20 grams (g) of glucose are dissolved in enough distilled
water that the final volume of the solution, with the glucose completely dis-
solved, is 100 mL.

|
Problem 2.2 How can the following solutions be prepared?
a) 100mL of 40% (w/v) polyethylene glycol (PEG) 8000
b) 47 mL of a 7% (w/v) solution of sodium chloride (NaCl)
c) 200mL of a 95% (v/v) solution of ethanol
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Solution 2.2

a) Weigh out 409 of PEG 8000 and dissolve in distilled water so that the
final volume of the solution, with the PEG 8000 completely dissolved,
is 100 mL. This is most conveniently done by initially dissolving the
PEG 8000 in approximately 60 mL of distilled water. When the granules
are dissolved, pour the solution into a 100 mL graduated cylinder and
bring the volume up to the 100 mL mark with distilled water.

b) First, 7% of 47 must be calculated. This is done by multiplying 47 by
0.07 (the decimal form of 7%; 7/100 = 0.07 ):

0.07 X 47 = 3.29

Therefore, to prepare 47 mL of 7% NaCl, weigh out 3.29g of NaCl and
dissolve the crystals in some volume of distilled water less than 47 mL,
a volume measured so that, when the 3.29 g of NaCl are added, it does
not exceed 47 mL. When the NaCl is completely dissolved, dispense
the solution into a 50mL graduated cylinder and bring the final vol-
ume up to 47 mL with distilled water.

c) 95% of 200mL is calculated by multiplying 0.95 (the decimal form of
95%) by 200:

0.95 X200 =190

Therefore, to prepare 200 mL of 95% ethanol, measure 190 mL of 100%
(200 proof) ethanol and add 10 mL of distilled water to bring the final
volume to 200 mL.

24 DILUTING PERCENT SOLUTIONS

When approaching a dilution problem involving percentages, express the
percent solutions as fractions of 100. The problem can be written as an equa-
tion in which the concentration of the stock solution (‘what you have’) is
positioned on the left side of the equation and the desired final concentration
(‘what you want’) is on the right side of the equation. The unknown volume (x)
of the stock solution to add to the volume of the final mixture should also be
expressed as a fraction (with x as a numerator and the final desired volume as
a denominator). This part of the equation should also be positioned on the left
side of the equals sign. For example, if 30mL of 70% ethanol is to be prepared
from a 95% ethanol stock solution, the following equation can be written:
95 xmL 70
o XML

100 30mL 100
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You then solve for x.

95x _ 70

= Multiply numerators together and mul-
3000 100

tiply denominators together. The mL
terms, since they are present in both the
numerator and the denominator, cancel.

—X = —X— Multiply both sides of the equation

by 3000.
210 000
Sx = ——— Simplify the equation.
100
95x = 2100
21
9x _ 2100 Divide each side of the equation
95 95
by 95.
x =22 Round off to two significant figures.

Therefore, to prepare 30mL of 70% ethanol using a 95% ethanol stock
solution, combine 22 mL of 95% ethanol stock with 8 mL of distilled water.

.
Problem 2.3 If 25 g of NaCl are dissolved into a final volume of 500 mL,
what is the percent (w/v) concentration of NaCl in the solution?

Solution 2.3

The concentration of NaCl is 25 g/500 mL (w/v). To determine the percent
(w/v) of the solution, we need to know how many grams of NaCl are in
100 mL. We can set up an equation of two ratios in which x represents the
unknown number of grams. This relationship is read ‘xg is to 100mL as
25gisto 500 mL:’

Xg _ 259
100mL  500mL

Solving for x gives the following result:

(25g)100mL) _ 25009 _
500 mL 500

Therefore, there are 5g of NaCl in 100 mL (5 g/100 mL), which is equivalent
to a 5% solution.
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[
Problem 2.4 If 8 mL of distilled water is added to 2 mL of 95% ethanol,
what is the concentration of the diluted ethanol solution?

Solution 2.4

The total volume of the solution is 8mL + 2mL = 10mL. This volume
should appear as a denominator on the left side of the equation. This dilu-
tion is the same as if 2mL of 95% ethanol were added to 8 mL of water.
Either way, it is a quantity of the 95% ethanol stock that is used to make
the dilution. The ‘2mL, therefore, should appear as the numerator in the
volume expression on the left side of the equation:

95 2mL _ x

— X
100 10mL 100

190 _ x The mL terms cancel. Multiply numerator
1000 100 values and denominator values on the left
side of the equation.
X
0.19 = — Simplify the equation.
100 plity q
19=x Multiply both sides of the equation by 100.

If x in the original equation is replaced by 19, it is seen that the new con-
centration of ethanol in this diluted sample is 19/100, or 19%.

e
Problem 2.5 How many microliters of 20% SDS are required to bring
1.5 mL of solution to 0.5%?

Solution 2.5

In previous examples, there was control over how much water we could add
in preparing the dilution to bring the sample to the desired concentration. In
this example, however, a fixed volume (1.5mL) is used as a starting sample
and must be brought to the desired concentration. Solving this problem will
require the use of the Addition Property of Equality (see the following box).

The addition property of equality

You may add (or subtract) the same quantity to (from) both sides of an
equation to produce equivalent equations. For any real numbers g, b, and ¢,
ifa=0bthena+c=b+canda —c=b — ¢
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Since concentration, by definition, is the amount of a particular component
in a specified volume, by adding a quantity of a stock solution to a fixed
volume, the final volume is changed by that amount and the concentra-
tion is changed accordingly. The amount of stock solution (xmL) added
in the process of the dilution must also be figured into the final volume, as
follows.

20 aml_05
100 1.5mL +xmL 100

205 _ 05

—_— = Multiply numerators
150 +100x 100

and denominators. The
mL terms cancel out.

150 +100x , _ 20x _ 05, 150+ 100x Multiply both sides
1 150 +100x 100 1 of the equation by

150 + 100x.

20x = 75+ 50« Simplify the equation.

100

100 75 + 50 100

X 20x = Wx x = Multiply both sides of
the equation by 100.

2000x = 75 + 50x Simplify.

1950x =75 Subtract 50x from both
sides of the equation
(Addition Property of
Equality).

75 . .

x = 1950 = 0.03846 mL Divide both sides of

the equation by 1950.
1 L
0.03846 mL X % = 38.5puL Convert mL to pL
m

and round off to one
significant figure to
the right of the
decimal point.

Therefore, if 38.5pLL of 20% SDS are added to 1.5mL, the SDS concentra-
tion of that sample will be 0.5% in a final volume of 1.5385mL. If there
were some other component in that initial 1.5mL, the concentration of that
component would change by the addition of the SDS. For example, if NaCl
were present at a concentration of 0.2%, its concentration would be altered
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by the addition of more liquid. The initial solution of 1.5 mL would contain
the following amount of NaCl:

0.2¢g
100mL

X 1.5mL = 0.003¢g

Therefore, 1.5mL of 0.2% NaCl contains 0.003 g of NaCl.

In a volume of 1.5385 mL (the volume after the SDS solution has been added),
0.003 g of NaCl is equivalent to a 0.195% NaCl solution, as shown here:

0.003
1.5385

X100 = 0.195%

2.5 MOLES AND MOLECULARWEIGHT -
DEFINITIONS

A mole is equivalent to 6.023 X 10?3 molecules. That molecule may be a pure
elemental atom or a molecule consisting of a bound collection of atoms. For
example, a mole of hydrogen is equivalent to 6.023 X 10> molecules of hydro-
gen. A mole of glucose (CgH;,0y) is equivalent to 6.023 X 10% molecules of
glucose. The value 6.023 X 107 is also known as Avogadro’s number.

The molecular weight (MW, or gram molecular weight) of a substance
is equivalent to the sum of its atomic weights. For example, the gram
molecular weight of NaCl is 58.44: the atomic weight of Na (22.99 g) plus
the atomic weight of chlorine (35.45g). Atomic weights can be found in
the periodic table of the elements. The molecular weight of a compound,
as obtained commercially, is usually provided by the manufacturer and is
printed on the container’s label. On many reagent labels, a formula weight
(FW) is given. For almost all applications in molecular biology, this value
is used interchangeably with molecular weight.

i
Problem 2.6 What is the molecular weight of sodium hydroxide (NaOH)?

Solution 2.6
Atomic weight of Na 22.99
Atomic weight of O 16.00
Atomic weight of H +1.01

Molecular weight of NaOH 40.00



2.5 Moles and molecular weight — definitions 25

[
Problem 2.7 What is the molecular weight of glucose (C¢H1,0¢)?

Solution 2.7
The atomic weight of each element in this compound must be multiplied
by the number of times it is represented in the molecule:

Atomic weight of C = 12.01

12.01X 6 = 72.06
Atomic weight of H = 1.01

1.01X12 = 12.12
Atomic weight of O = 16.00

16 X6 = + 96.00
Molecular weight of C¢H,,04 180.18

Therefore, the molecular weight of glucose is 180.18 g/m.

2.5.1 Molarity

A 1molar (1 M) solution contains the molecular weight of a substance (in
grams) in 1L of solution. For example, the molecular weight of NaCl is 58.44.
A 1M solution of NaCl, therefore, contains 58.44g of NaCl dissolved in a
final volume of 1000mL (1L) water. A 2M solution of NaCl contains twice
that amount (116.88 g) of NaCl dissolved in a final volume of 1000 mL water.

Note: Many protocols instruct to ‘q.s. with water.” This means to bring it
up to the desired volume with water (usually in a graduated cylinder or
other volumetric piece of labware). Q.s. stands for quantum sufficit.

[
Problem 2.8 How is 200 mL of 0.3 M NaCl prepared?

Solution 2.8

The molecular weight of NaCl is 58.44. The first step in solving this problem
is to calculate how many grams are needed for 1L of a 0.3 M solution. This
can be done by setting up a ratio stating '58.44gisto TM as xgis to 0.3 M!
This relationship, expressed mathematically, can be written as follows. We
then solve for x.

58449 _ xg
1 03M
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Because units on both sides of the equation are equivalent (if we were to
multiply one side by the other, all terms would cancel), we will disregard
them. Multiplying both sides of the equation by 0.3 gives

03,0848 _ X 03 y753—«
171 03

Therefore, to prepare 1L of 0.3M NaCl, 17.53 g of NaCl are required.

Another ratio can now be written to calculate how many grams of NaCl
are needed if 200 mL of a 0.3 M NaCl solution are being prepared. It can be
expressed verbally as‘17.53 g is to 1000 mL as xg is to 200mL, or written
in mathematical terms:

17539 _  xg

1000mL  200mL

1753200 _ X Multiply both sides of the equation by 200 to

1000 cancel out the denominator on the right side
of the equation and to isolate x.
3506 _ x = 3.51 Simplify the equation
1000 ' '

Therefore, to prepare 200 mL of 0.3 M NaCl solution, 3.51 g of NaCl are dis-
solved in distilled water to a final volume of 200 mL.

e
Problem 2.9 How is 50 mL of 20 millimolar (mM) sodium hydroxide
(NaOH) prepared?

Solution 2.9
First, because it is somewhat more convenient to deal with terms expressed
as molarity (M), convert the 20mM value to an M value:

20mMX$= 0.02M

1000 mM

Next, set up a ratio to calculate the amount of NaOH (40.0g molecular
weight) needed to prepare 1L of 0.02M NaOH. Use the expression ‘40.0g
isto 1M as xg is to 0.02 M. Solve for x.
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4009 _  xg
™ 0.02M

(40.0)(0.02)
— = x

0.8 =x

Therefore, if 1L of 0.02M NaOH is to be prepared, add 0.8g of NaOH to
water to a final volume of 1000 mL.

Multiply both sides of the equation by 0.02.

Now, set up a ratio to determine how much is required to prepare 50 mL
and solve for x. (The relationship of ratios should read as follows: 0.89 is
to 1000 mL as xg is to 50mL.)

089 _ xg
1000mL  50mL

(08)(50) = (x)(50) Multiply both sides of the equation by 50. This

1000 50 cancels the 50 in the denominator on the right side
of the equation.
400 _ x = 0.04 Simplify the equation
1000 ' '

Therefore, to prepare 50mL of 20mM NaOH, 0.04g of NaOH is dissolved
in a final volume of 50 mL of distilled water.

|
.
Problem 2.10 How many moles of NaCl are present in 50mL of a 0.15M
solution?
Solution 2.10

A 0.15M solution of NaCl contains 0.15moles of NaCl per liter. Since we
want to know how many moles are in 50mL, we need to use a conversion
factor to convert liters to milliliters. The equation can be written as follows:

1L < 0.15mol
1000 mL L

xmol = 50mL X

Notice that terms on the right side of the equation cancel except for
moles. Multiplying numerator and denominator values gives

(50) X (1) X (0.15)mol _ 7.5mol
1000 1000

xmol = = 0.0075mol

Therefore, 50 mL of 0.15M NaCl contains 0.0075 moles of NaCl.
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2.5.2 Preparing molar solutions in water
with hydrated compounds

Many compounds used in the laboratory, though dry and in crystalline or
powder form, come ‘hydrated.” That is, the compounds have water mol-
ecules attached to them. Examples are sodium citrate dihydrate (with two
water molecules) and sodium phosphate dibasic heptahydrate (with seven
water molecules) (Figure 2.1). You will find the compound’s molecular
weight listed on the container’s label as the FW. In the case of hydrated
compounds, the FW includes the weight contributed by the molecular
weight of water (18.015 g/mole). These water molecules, therefore, con-
tribute to the water you are using to dissolve the compound. They must be
taken into consideration so that the final solution is not diluted to a con-
centration less than is desired. The following problem will demonstrate the
calculation.

|
Problem 2.11 You want to prepare a 500 mL solution of 250 mM

sodium phosphate dibasic heptahydrate (Na,HPO,-H,0; FW 268.07).
How much compound and how much water should be mixed?
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Solution 2.11
We will first calculate how much of the Na,HPO, compound should be
added to make a 500 mL (final volume) solution at 250 mM.

250 mM is equivalent to 0.25M, as shown below:

250mM X M _ 0.25M

1000 mM
We now calculate how much of the compound is equivalent to 0.25M:

025M 268079 _ 67.029
liter mole liter

Therefore, if we were making one liter (1000mL) of solution, we would
need 67.02g of Na,HPO,. However, we're going to make 500 mL. We set
up a relationship of ratios:

67029  xg

1000mL 500 mL

Solving for x gives

‘= (67.02g)(500mL) _ 33519
1000 mL
Therefore, we need 33.51g of Na,HPO, in a final volume of 500mL to
make a 0.25M solution. We now determine how many moles 33.51g rep-
resents. Using the FW of 268.07 g/mol, we have
1mole

33.51g X ————— = 0.125 moles
268.07 g

Therefore, we will be placing 0.125moles of sodium phosphate dibasic
heptahydrate into a final volume of 500 mL. However, since water is part
of the compound (and part of its FW), we will also be adding 0.875 moles
of water in the process:

7 moles of water
0.125 moles compound X = 0.875 moles of water

1 mole of compound

Since the molecular weight of water is 18.015 g/mole and since one gram
of water is equivalent to one mL of water, when we add the 33.51g of
sodium phosphate dibasic heptahydrate, we are also adding the equiva-
lent of 15.76 mL of water:

0875 moles x 1215 ML _ 1006 1
mole
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Therefore, to make 500 mL of 250 mM sodium phosphate dibasic heptahy-
drate, you would combine 33.51 g of compound and 484.24 mL (500 mL —
15.76 mL) of water.

As an inclusive relationship to calculate the amount of water contributed

by the hydrated compound in this example, we have

. 0.25 moles 7 moles water 18.015 mL water
0.5 liters X X X

liter 1 mole compound mole
=15.76 mL

The relationship above can be used as a general way to calculate the
amount of water contributed by a hydrated compound, as follows:

V X M X molecules of water X 18.015 mL water
= mL water from hydrated compound

where Vis the final volume in liters, M is the desired molarity (in moles/
liter), and ‘molecules of water’is the number of water molecules attached
to the compound.

Note: This calculation is not necessary as long as you weigh out the
desired amount of compound you need to produce the correct molarity
and then bring the volume up (q.s.) to the desired amount in a graduated
cylinder.

2.5.3 Diluting molar solutions

Diluting stock solutions prepared in molar concentration into volumes of
lesser molarity is performed as described in Section 2.1.

[
Problem 2.12 From a 1 M Tris solution, how is 400 mL of 0.2 M Tris
prepared?

Solution 2.12
The following equation is used to solve for x, the amount of 1 M Tris added
to 400 mL to yield a 0.2 M solution.
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XMk oom
400 mL
XM _ 02M The mL units cancel since they
400 appear in both the numerator and

the denominator on the left side of
the equation. Multiply numerator
values.

x = (0.2)(400) Multiply both sides of the equation
by 400.

x =80

Therefore, to 320mL (400mL — 80mL = 320mL) of distilled water, add
80mL of 1M Tris, pH 8.0, to bring the solution to 0.2 M and a final volume

of 400 mL.
|
.
Problem 2.13 How is 4 mL of 50 mM NaCl solution prepared from a 2M
NaCl stock?

Solution 2.13
In this example, a conversion factor must by included in the equation so
that molarity (M) can be converted to millimolarity.

1000mM _ xmL
X—X

2M =50mM
M 4mL

M =50mM Multiply numerators. (On the left
side of the equation, the M and mL
units both cancel since these terms
appear in both the numerator and
the denominator.)

2000x mM = 200 mM Multiply both sides of the equation
by 4.

X = 200mM Divide each side of the equation by

2000 mM

2000 mM.

Therefore, to 3.9mL of distilled water, add 0.1 mL of 2M NaCl stock solu-
tion to produce 4 mL final volume of 50 mM NaCl.
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2.5.4 Converting molarity to percent

Since molarity is a concentration of grams per 1000mL, it is a simple
matter to convert it to a percent value, an expression of a gram amount in
100mL. The method is demonstrated in the following problem.

|
Problem 2.14 Express 2.5M NaCl as a percent solution.

Solution 2.14

The gram molecular weight of NaCl is 58.44. The first step in solving this
problem is to determine how many grams of NaCl are in a 2.5M NaCl solu-
tion. This can be accomplished by using an equation of ratios: '58.449 is to
1M as xgis to 2.5 M! This relationship is expressed mathematically as follows:

58449 _ xg
™ 25M

Solve for x.

(58.44)(2.5)
= =x

1
146.1 = x Simplify the equation.

Multiply both sides of the equation by 2.5.

Therefore, to prepare a 2.5M solution of NaCl, 146.1g of NaCl are dis-
solved in a total volume of 1L.

Percent is an expression of concentration in parts per 100. To determine
the relationship between the number of grams of NaCl present in a 2.5M
NaCl solution and the equivalent percent concentration, ratios can be set
up that state146.1 g is to 1000mL as xg is to 100 mL!

146.1g _ X9
1000mL 100 mL

Solve for x.

(146.1)(100)

=X Multiply both sides of the equation by 100 (the
1000 - . . .
denominator on the right side of the equation).
14610
——— =x=146 Simplify the equation.
1000 plity a

Therefore, a 2.5 M NaCl solution contains 14.6 g of NaCl in 100 mL, which is
equivalent to a 14.6% NaCl solution.
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2.5.5 Converting percent to molarity

Converting a solution expressed as percent to one expressed as a molar
concentration is a matter of changing an amount per 100mL to an
equivalent amount per liter (1000mL), as demonstrated in the following
problem.

[
Problem 2.15 What is the molar concentration of a 10% NaCl solution?

Solution 2.15

A 10% solution of NaCl, by definition, contains 10g of NaCl in 100 mL of
solution. The first step to solving this problem is to calculate the amount
of NaCl in 7000 mL of a 10% solution. This is accomplished by setting up a
relationship of ratios as follows:

109 _  xg

100mL 1000 mL

Solve for x.

10)(1000
(10)(1000) _ X Multiply both sides of the equation by 1000

100
(the denominator on the right side of the
equation).
1?;)80 = x =100 Simplify the equation.

Therefore, a 1000 mL solution of 10% NaCl contains 100 g of NaCl.

Using the gram molecular weight of NaCl (58.44), an equation of ratios
can be written to determine molarity. In the following equation, we deter-
mine the molarity (M) equivalent to 100 g:

xM _ ™
100g 58449
Solve for x.
100 . . .
X = 844 =171 Multiply both sides of the equation by 100

and divide by 58.44.

Therefore, a 10% NaCl solution is equivalent to 1.71 M NaCl.
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2.6 NORMALITY

A 1 normal (1N) solution is equivalent to the gram molecular weight of
a compound divided by the number of hydrogen ions present in solution
(i.e., dissolved in one liter of water). For example, the gram molecular
weight of hydrochloric acid (HCI) is 36.46. Since, in a solution of HCI, one
H™ ion can combine with C1~ to form HCI, a 1 N HCI solution contains
36.46/1 = 36.46g HCl in 1L. A 1 N HCI solution, therefore, is equivalent
to a 1M HCI solution. As another example, the gram molecular weight
of sulfuric acid (H,SO,) is 98.0. Since, in a H,SO, solution, two H* ions
can combine with SO,>~ to form H,SO,, a 1 N H,SO, solution contains
98.0/2 = 49.0 g of H,SO, in 1L. Since half the gram molecular weight of
H,SO, is used to prepare a 1 N H,SO, solution, a 1 N H,SO, solution is
equivalent to a 0.5 M H,SO, solution.

Normality and molarity are related by the equation
N = nM

where 7 is equal to the number of replaceable H* (or Na™) or OH™ ions per
molecule.

e
Problem 2.16 What is the molarity of a 1 N sodium carbonate (Na,COs)
solution?

Solution 2.16
Sodium carbonate has two replaceable Na™ ions. The relationship between
normality and molarity is

N = nM

Solving for M gives the following result:

N
" =M Divide both sides of the equation by n (the number
of replaceable Na* ions).
1
5 =M In this problem, the number of replaceable + ions,
n, is 2. The normality, N, is 1.
05=M

Therefore, a 1 N sodium carbonate solution is equivalent to a 0.5 M sodium
carbonate solution.
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2.7 pH

The first chemical formula most of us learn, usually during childhood, is
that for water, H,O. A water molecule is composed of two atoms of hydro-
gen and one atom of oxygen. The atoms of water, however, are only tran-
siently associated in this form. At any particular moment, a certain number
of water molecules will be dissociated into hydrogen (H") and hydroxyl
(OH") ions. These ions will reassociate within a very short time to form
the H,O water molecule again. The dissociation and reassociation of the
atoms of water can be depicted by the following relationship:

H,0 = H' + OH"

In actuality, the hydrogen ion is donated to another molecule of water to
form a hydronium ion (H3O™). A more accurate representation of the dis-
sociation of water, therefore, is as follows:

H,0 + H,0 = H;0" + OH~

For most calculations in chemistry, however, it is simpler and more con-
venient to think of the H* hydrogen ion (rather than the H;O" hydronium
ion) as being the dissociation product of H,O.

A measure of the hydrogen ion (H™) concentration in a solution is given
by its pH value. A solution’s pH is defined as the negative logarithm to the
base 10 of its hydrogen ion concentration:

pH = —log[H']

In this nomenclature, the brackets signify concentration. A logarithm (log)
is an exponent, a number written above, smaller, and to the right of another
number, called the base, to which the base should be raised. For example, for
102, the 2 is the exponent and the 10 is the base. In 102, the base, 10, should
be raised to the second power, which means that 10 should be multiplied by
itself a total of two times. This will give a value of 100, as shown here:

10> = 10 X 10 = 100

The log of 100 is 2 because that is the exponent of 10 that yields 100. The
log of 1000 is 3 since 10° = 1000:

10° = 10 X 10 X 10 = 1000

The log of a number can be found on most calculators by entering the
number and then pressing the log key.
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In pure water, the H" concentration ([H"]) is equal to 1077 M. In other
words, in 1L of water, 0.000000 1 M of hydrogen ion will be present. The
pH of water, therefore, is calculated as follows:

pH = —log(1 X 1077) = —(=7) = 7
Pure water, therefore, has a pH of 7.0.

Likewise, the concentration of the hydroxyl (OH™) ion in water is equiva-
lent to that of the hydrogen (H™) concentration. The OH™ concentration is
also 1 X 1077 M.

pH values range from O to 14. Solutions having pH values less than 7 are
acidic. Solutions having pH values greater than 7 are alkaline, or basic.
Water, with a pH of 7, is considered a neutral solution.

In more specific terms, an acid is defined as a substance that donates a pro-
ton (or hydrogen ion). When an acid is added to pure water, the hydrogen
ion concentration increases above 1 X 1077 M. The molecule to which the
proton is donated is called the conjugate base. When an acid loses a pro-
ton, it becomes ionized (charged). The loss of a proton leaves the molecule
with a negative charge. A substance is referred to as a ‘strong’ acid if it
becomes almost completely ionized in water — its H ion almost completely
dissociates. For example, the strong acid, HCI dissociates as follows:

HCl = H' +CI”

The hydrogen ion of a ‘weak’ acid dissociates but a little.

A base is a substance that accepts a proton. A ‘strong’ base is one that
almost completely ionizes in water to give OH™ ions. Sodium hydroxide,
for example, is a strong base and dissociates in water as follows:

NaOH = Na* + OH™

When a base is added to pure water, the OH™ ion is dissociated from the
base. This hydroxyl ion can associate with the H' ions already in the water
to form H,O molecules, reducing the solution’s hydrogen ion concentra-
tion and increasing the solution’s pH.

Water is a unique molecule. Since it can dissociate into H' and OH™ ions,
it acts as both an acid and as a base. We can define the dissociation of the
two types of ions in water as a constant called K,,. Since both the H" and
OH™ ions in water have a concentration of 1 X 1077 M, the dissociation
constant of water is equal to 1 X 10714,

[H'OH 1=[1X107"1x1077]1=1x10""
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We have, therefore
K, = [H']J[OH ]

We can rearrange this equation such that

7] =
[OH"]
or
- K
OH = —
[OH ] = o

Just as water has a pH, so does it have a pOH, which is defined as the
negative logarithm of the OH™ concentration.

pOH = —log[OH]

and

pH + pOH = 14

or, rearranging

pOH = 14 — pH

Therefore, by knowing either the pH or the pOH, the counterpart value can
be calculated.

|
Problem 2.17 A solution of a strong acid has a hydrogen ion
concentration of 1 X 107> M. What is the solution’s pH?

Solution 2.17
pH is the negative logarithm of 1 X 1075,

pH = —log[H"] = —log(1X107°) = —(=5) =5

Therefore, the pH of the solution is 5. It is acidic.
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.
Problem 2.18 The hydrogen ion concentration in a solution of a strong
acid is 2.5 X 10~ 4M. What is the solution’s pH?

Solution 2.18

The Product Rule for Logarithms states that, for any positive numbers
M, N, and a (where a is not equal to 1), the logarithm of a product is the
sum of the logarithms of the factors:

log, MN = log, M + log, N

Since we are working in base 10, a is equal to 10.

The Product Rule of Logarithms will be used to solve this problem.

pH = —log(2.5 X 1078)
= —(log 2.5 +log 107°%)
= —[0.40 + (—5)]
= —(0.40 — 5)
= —(—4.6)
=46

Therefore, the solution has a pH of 4.6. Although the math shown here
demonstrates a fundamental concept of logarithms as revealed by the
Product Rule and therefore has worth in any instruction in mathematics,
the answer can be determined straight away by taking the log value of
2.5 X 10~8 on a calculator.

|
Problem 2.19 The pH of a solution of strong acid is 3.75. What is the
hydrogen ion concentration in the solution?

Solution 2.19

To calculate the hydrogen ion concentration in this problem will require
that we determine the antilog of the pH. An antilog is found by doing the
reverse process of that used to find a logarithm. The log of 100 is 2. The
antilog of 2 is 100. The log of 1000 is 3. The antilog of 3 is 1000. For those
calculators that do not have an antilog key, this can usually be obtained
by entering the value, pressing the 10* key, and then pressing the = sign.
(Depending on the type of calculator you are using, you may need to
press the SHIFT key to gain access to the 10* function.)
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pH = —log [H*] Equation for calculating pH.
—log[H*] =3.75 The pH is equal to 3.75.
log[H*] = —3.75 Multiply each side of the equation by —1.
[H*]=18Xx10"* Take the antilog of each side of the equation.
Note: Taking the antilog of the log of a num-
ber, since they are opposite and canceling
operations, is equivalent to doing nothing to
that number. For example, the antilog of the
log of 100 is 100.

Therefore, the hydrogen ion concentration is 1.8 X 10~ *M.

|
Problem 2.20 A solution has a pH of 4.5. What is the solution’s pOH?

Solution 2.20
The pOH is obtained by subtracting the pH from 14.

POH = 14 — pH
pOH =14 — 45 =95

Therefore, the pOH of the solution is 9.5.

|
Problem 2.21 What are the OH™ concentration and the pH of a 0.01 M
solution of HCI?

Solution 2.21

Since HCl is a strong acid, all hydrogen atoms will dissociate into H ions.
The H™ ion concentration, therefore, is equivalent to the molar concen-
tration; that is, 1 X 1072M. We can then use the following relationship to
determine the OH™ ion concentration.

K
[OH = —=
H']
B X —14
for 7= X107
1X10
=1x1014?

=1x10""
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Therefore, a 0.01M solution of HCl has a OH™ concentration of
1 X 107 "2M. Its pH is calculated as

pH = —log[H"] = —log(1x1072) = —(=2) = 2
Or, calculated another way
pOH = —log[OH ] = —log[1X 10'?] = 12
and, since pH = 14 — pOH, we have
pH=14-12=2

The solution has a pH of 2.0.

|
e
Problem 2.22 What is the pH of a 0.02 M solution of sodium hydroxide
(NaOH)?

Solution 2.22

Sodium hydroxide is a strong base and, as such, is essentially ionized com-
pletely to Na* and OH™ in dilute solution. The OH™ concentration, there-
fore, is 0.02 M, the same as the concentration of NaOH. For a strong base,
the H* ion contribution from water is negligible and so will be ignored.
The first step to solving this problem is to determine the pOH. The pOH
value will then be subtracted from 14 to obtain the pH.

pOH = —log(0.02)
=—(-1.7)=17
pH=14—-17=123

Therefore, the pH of the 0.02 M NaOH solution is 12.3.

2.8 pK, AND THE HENDERSON-HASSELBALCH
EQUATION

In the Bronsted concept of acids and bases, an acid is defined as a sub-

stance that donates a proton (a hydrogen ion). A base is a substance that

accepts a proton. When a Bronsted acid loses a hydrogen ion, it becomes a



2.8 pK, and the Henderson—Hasselbalch equation 41

Bronsted base. The original acid is called a conjugate acid. The base cre-
ated from the acid by loss of a hydrogen ion is called a conjugate base.

Dissociation of an acid in water follows the general formula
HA +H,0 = H;0" + A~

where HA is a conjugate acid, H,O is a conjugate base, H;O™ is a conju-
gate acid, and A™ is a conjugate base.

The acid’s ionization can be written as a simple dissociation, as follows:
HA = H' + A~

The dissociation of the HA acid will occur at a certain rate characteristic
of the particular acid. Notice, however, that the arrows go in both direc-
tions. The acid dissociates into its component ions, but the ions come back
together again to form the original acid. When the rate of dissociation into
ions is equal to the rate of ion reassociation, the system is said to be in
equilibrium. A strong acid will reach equilibrium at the point where it is
completely dissociated. A weak acid will have a lower percentage of mol-
ecules in a dissociated state and will reach equilibrium at a point less than
100% ionization. The concentration of acid at which equilibrium occurs is
called the acid dissociation constant, designated by the symbol K,. It is
represented by the following equation:

_[H'JA ]
“ [HA]

A measure of K, for a weak acid is given by its pK,, which is equivalent to
the negative logarithm of K :

pK, = —logk,
pH is related to pK, by the Henderson—Hasselbalch equation:

[conjugate base]
[acid]

[A]

[HA]

pH = pK, + log

= pK, + log

The Henderson—Hasselbalch equation can be used to calculate the amount
of acid and conjugate base to be combined for the preparation of a buffer
solution having a particular pH, as demonstrated in the following problem.
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.
Problem 2.23 You wish to prepare 2L of 1 M sodium phosphate buffer,
pH 8.0. You have stocks of 1 M monobasic sodium phosphate (NaH,PO,)
and 1M dibasic sodium phosphate (Na,HPO,). How much of each stock
solution should be combined to make the desired buffer?

Solution 2.23

Monobasic sodium phosphate (NaH,PO,) in water exists as Na* and
H,PO,™ ions. H,PO,~ (phosphoric acid, the conjugate acid) dissociates
further to HPO,2~ (the conjugate base) + H* and has a pK, of 6.82 at
25°C. (pK, values can be found in the Sigma chemical catalogue (Sigma,
St. Louis, MO) or in The CRC Handbook of Chemistry and Physics, David P.
Lide, Editor-in-Chief, 87" Edition, 2006, CRC Press, Boca Raton, Florida,
USA. The pH and pK, values will be inserted into the Henderson-
Hasselbalch equation to derive a ratio of the conjugate base and acid to
combine to give a pH of 8.0. Note that the stock solutions are both at a
concentration of 1 M. No matter in what ratio the two solutions are com-
bined, there will always be one mole of phosphate molecules per liter.

A
pH = pK, + Iogu Insert pH and pK, values into
[HA] .
HPO 2] Henderson-Hasselbalch equation.
80 =682+ Iog[ 4_
[H,PO, ]
27
1.18 = log [HPO47] Subtract 6.82 from both sides of
(H,PO, ] the equation.
27
antilog1.18 = [HPO; 7] =15.14 Take the antilog of each side of the
2P0, ] equation.

Therefore, the ratio of HPO,>~ to H,PO,™ is equal to 15.14. To make 1M
sodium phosphate buffer, 15.14 parts Na,HPO, should be combined with
one part NaH,PO,; 15.14 parts Na,HPO, plus one part NaH,PO, is equal to
a total of 16.14 parts. The amount of each stock to combine to make 2L of
the desired buffer is then calculated as follows:

For Na,HPO,, the amount is equal to

%XZL =1.876L
16.14
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For NaH,PO,, the amount is equal to

1 X2L=0124L
16.14

When these two volumes are combined, you will have 1M sodium phos-
phate buffer having a pH of 8.0.

B CHAPTER SUMMARY

Concentration is defined as an amount of some substance per a set volume:

amount

concentration =
volume

Dilutions can be calculated using the C,V; = C,V, equation or by the
dimensional analysis method. The molecular weight of a compound is
calculated as the sum of the atomic weights of its component molecules. A
1 molar (1 M) solution of a chemical contains the molecular weight of the
substance dissolved in a total volume of 1L.

A general way to calculate the amount of water contributed by a hydrated
compound when preparing molar solutions from hydrated compounds is
given by the relationship

V X M X molecules of water X 18.015mL water
= mL water from hydrated compound

where V is the final volume in liters, M is the desired molarity (in moles/
liter), and ‘molecules of water’ is the number of water molecules attached
to the compound.

A 1 normal (1 N) solution of a chemical is equivalent to its gram molecular
weight divided by the number of hydrogen ions present in the solution. pH
is a measure of the hydrogen ion concentration in a solution and is calcu-
lated as the negative logarithm of the solution’s hydrogen ion concentration.

pH = —log[H"]

The pK, of an acid is equivalent to the negative logarithm of its dissocia-
tion constant (its K,), calculated as

_[H'][AT]
‘ [HA]
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Working with bacteriophages

B INTRODUCTION

A bacteriophage (phage) is a virus that infects bacteria. It is little more
than nucleic acid surrounded by a protein coat. To infect a cell, a bacterio-
phage attaches to a receptor site on the bacteria’s cell wall. Upon attach-
ment, the phage injects its DNA into the cell’s cytoplasm, where it is
replicated. Phage genes are expressed for the production and assembly of
coat proteins that encapsulate the replicated phage DNA. When a critical
number of virus particles has been assembled, the host cell lyses and the
newly made phage are released into the environment, where they can infect
new host cells. Their simple requirements for propagation, their short gen-
eration time, and their relatively simple genetic structure have made bacte-
riophages ideal subjects of study for elucidating the basic mechanisms of
transcription, DNA replication, and gene expression. A number of bacterio-
phages have been extensively characterized. Several, such as the bacterio-
phages \ and M13, have been genetically engineered to serve as vectors
for the cloning of exogenous genetic material.

4.1 MULTIPLICITY OF INFECTION (moi)

An experiment with bacteriophage typically begins with an initial period
during which the virus is allowed to adsorb to the host cells. It is important
to know the ratio of the number of bacteriophages to the number of cells
at this stage of the infection process. Too many bacteriophages attaching
to an individual cell can cause cell lysis, even before the infection process
can yield progeny virus particles (‘lysis from without”). If too few bacterio-
phages are used for the infection, it may be difficult to detect or measure
the response being tested. The bacteriophage to cell ratio is called the
multiplicity of infection (moi).

L
Problem 4.1 A 0.1 mL aliquot of a bacteriophage stock having a
concentration of 4 X 10° phage/mL is added to 0.5 mL of E. coli cells
having a concentration of 2 X 108 cells/mL. What is the moi?

Calculations for Molecular Biology and Biotechnology. DOI: 10.1016/B978-0-12-375690-9.00004-8
© 2010 Elsevier Inc. All rights reserved. 83
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Solution 4.1
First, calculate the total number of bacteriophage and the total number
of bacteria.

Total number of bacteriophage:

4 x 10° phage

0.1mL X = 4 x 108 bacteriophage
mL
Total number of cells:
X 8
05mL x 22107 cells _ 0108 cells

mL

The moi is then calculated as bacteriophage per cell:

4 %108 phage

= 4 phage/cell
1% 108 cells phagd

moi =

Therefore, the moi is 4 phage/cell.

L
Problem 4.2 A 0.25mL aliquot of an E. coli culture having a
concentration of 8 X 108 cells/mL is placed into a tube. What volume of a
bacteriophage stock having a concentration of 2 X 10° phage/mL should
be added to the cell sample to give an moi of 0.5?

Solution 4.2
First, calculate the number of cells in the 0.25 mL aliquot:
X 108 cell
0.25mL x 810 Cells _ 5 o 108 cells
mL
Next, calculate how many bacteriophage particles are required for an moi
of 0.5 when 2 X 108 cells are used.

X phage _05 phage
2% 108 cells cell

Solve for x:

= [0.5 phage

](2 % 108 cells) = 1% 108 phage
cell
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Finally, calculate the volume of the bacteriophage stock that will contain
1 X 108 phage:

2 X 10° phage

X xmL = 1x 10 phage
mL

Solving for x yields

1% 108 phage

=—— = =005mL
2 X 10° phage/mL

Therefore, 0.05mL of the phage stock added to the aliquot of cells will
give an moi of 0.5.

4.2 PROBABILITIES AND MULTIPLICITY
OF INFECTION (moi)

In the previous chapter, probability was used to estimate the number of
mutant cells in a culture of bacteria. Probability can also be used to exam-
ine infection at the level of the individual cell and to estimate the distri-
bution of infected cells in culture. These methods are demonstrated in the
following problems.

L
Problem 4.3 A culture of bacteria is infected with bacteriophage at an

moi of 0.2. What is the probability that any one cell will be infected by
two phage?

Solution 4.3

When the moi is less than 1, the math used to calculate the chance that
any particular cell will be infected is similar to that used to predict a coin
toss. The probability that any one cell will be infected by a single virus is
equal to the moi (in this case 0.2). This also means that 20% of the cells
will be infected (100 X 0.2 = 20%) or that each cell has a 20% chance of
being infected. This value can further be expressed as a ‘1 in" number by
taking its reciprocal:

Therefore, one in every five cells will be infected.
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If it is assumed that attachment of one phage does not influence the
attachment of other phage, then the attachment of a second phage will
have the same probability as the attachment of the first. The probabilities
of both events can be multiplied.

The probability that a cell will be infected by two phage, therefore, is the
product of the probabilities of each independent event:

0.2X0.2=0.04

This can be expressed in several ways:

a) 4% of the cells will have two phage particles attached (0.04 X 100 = 4%),

b) a cell has a 4% chance of being infected by two phage particles, or

c) 1in 25 cells will be infected by two phage particles (the reciprocal of
0.04 = 1/0.04 = 25).

L
Problem 4.4 A culture of cells is infected by bacteriophage  at an
moi of 5. What is the probability that a particular cell will not be infected
during the phage adsorption period?

Solution 4.4

In the previous chapter, the Poisson distribution was used to determine
the number of mutants that might be expected in a population of cells.
This distribution is represented by the equation

r!

where P is the probability, r is the number of successes (in this example, a cell
with zero attached phage is a ‘success’), m is the average number of phage/
cell (the moi; 5 in this example), and e is the base of the natural logarithms.

For the zero case, the equation becomes

e °5°
0!

0

In solving for the zero case, the following two properties are encountered.

= Any number raised to the zero power is equal to 1.

= The exclamation symbol (!) designates the factorial of a number, which
is the product of all integers from that number down to 1. For exam-
ple, 4! (read ‘4 factorial’ or ‘factorial 4') is equal to 4 X 3 X 2 X 1 = 24,
Olisequal to 1.
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The Poisson distribution for the zero case becomes

e’ is equal to 0.0067 (on the calculator: 5, +/—, then €.

Therefore, at an moi of 5, the probability that a cell will not be infected is
0.0067. This is equivalent to saying that 0.67% of the culture will be unin-
fected (100 X 0.0067 = 0.67%) or that 1 in 149 cells will be uninfected
(1/0.0067 = 149).

s
Problem 4.5 A culture of bacteria is infected with bacteriophage at
an moi of 0.2. Twenty-cell aliquots of the infected culture are withdrawn.
How many phage-infected cells should be expected in each aliquot?

Solution 4.5

The number of phage-infected cells should equal the moi multiplied by
the number of cells in the sample. The product represents an average
number of infected cells per aliquot:

0.2 phage infections

m X 20 cells = 4 phage infections
ce

Therefore, in each 20-cell aliquot, there should be an average of four
infected cells.

L
Problem 4.6 In a 20-cell aliquot from a culture infected at an moi of 0.2,
what is the probability that no cells in that aliquot will be infected?

Solution 4.6

As shown in Problem 4.5, there should be, on average, four infected cells
in a 20-cell aliquot. Using the Poisson distribution for the zero case, where
ris equal to the number of successes (in this case, 0 infected cells is a suc-
cess) and m is equal to the average number of infected cells per 20-cell
aliquot (four), the Poisson distribution becomes

e 44 ety
_ —e

p. =
0 o! )
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To find e™* on the calculator, enter 4, +/—, then €*. This gives a value
of 0.018.

Therefore, the probability of finding no infected cells in a 20-cell aliquot
taken from a culture infected at an moi of 0.2 is 0.018. This probability can
also be expressed as a1 in"number by taking its reciprocal:

1
—— =556
0.018
Or, there is a 1-in-55.6 chance that a 20-cell aliquot will contain no

infected cells.
|

L
Problem 4.7 In a 20-cell aliquot taken from a culture infected at an moi
of 0.2, what is the probability of finding 12 infected cells?

Solution 4.7

The equation for the Poisson distribution can be used. In Problem 4.5, it
was shown that the average number of infected cells in a 20-cell aliquot
taken from such a culture is four and that this value represents the m fac-
tor in the Poisson distribution. The r factor for this problem, the number of
successes, is 12. The Poisson distribution is then written

-m r
P, _ e m

r!
P 674412
12 12!

On the calculator, e~* is found by entering 4, +/—, then e*. This yields
a value of 0.018. A value for 4'2 is found on the calculator by entering 4,
X/, 1, 2, then =. This gives a value of 16777 216. Twelve factorial (12!) is
equal to the product of all integers from 1 to 12:

(12I=12X1T1XT0OX9IX8XT7TXE6X5X4X3X2X1)

On the calculator, this number is found by entering 1, 2, then x!. This gives
a value for 12! of 479001 600. Placing these values into the equation for
the Poisson distribution yields

-4 412
P, = e "4° _(0018)(16777216) _ 301990 _ 63 %10~
12! 479001600 479001600
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Therefore, the probability that 12 infected cells will be found in an aliquot
of 20 cells taken from a culture infected at an moi of 0.2 is 0.00063. This
value can be expressed as a‘1 in’number by taking its reciprocal:

1

There is a 1-in-1587.3 chance that 12 infected cells will be found in such a
20-cell aliquot.

[
Problem 4.8 What is the probability that a sample of 20 cells taken from
a culture infected at an moi of 0.2 will have four or more infected cells?

Solution 4.8

As a first step, the probabilities for the events not included (the prob-
abilities for the cases in which zero, one, two, or three infected cells are
found per 20-cell sample) are calculated. The probability of all possible
infections (i.e., the probability of having no infected cells, one infected
cell, two infected cells, three infected cells, four infected cells, five infected
cells, etc.) should equal 1. If the probabilities of obtaining zero, one, two,
and three infected cells are subtracted from 1.0, then the remainder will
be equivalent to the probability of obtaining four or more infected cells.
As shown in Problem 4.5, m, the average number of infected cells in a 20-
cell aliquot from a culture infected at an moi of 0.2, is 4. The probability
for the case in which no infected cells are present in a 20-cell aliquot was
calculated in Problem 4.6 and was found to be 0.018.

The probability that the 20-cell aliquot will contain one infected cell is

—4 41
pot 1I4 _ (0.0118)(4) 0072

The probability that the 20-cell aliquot will contain two infected cells is

b e 442 _ (0.018)(16) _ 0.288
2 21 2X1 2

= 0.144

The probability that the 20-cell aliquot will contain three infected cells is

p €4 _(0018)(64) _1.152
3 3x2X1 6

=0.192
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The probability of having four or more infected cells in a 20-cell aliquot
is then

1-P)— P —P,— P, =1-0.018 — 0.072 — 0.144 — 0.192 = 0.574

Therefore, 57.4% (0.574 X 100 = 57.4%) of the time, a 20-cell aliquot
infected at an moi of 0.2 will contain four or more infected cells. Expressed as
a‘l in’ number, 1 in every 1.7 20-cell aliquots (the reciprocal of 0.574 = 1.7)
will contain four or more infected cells.

L
Problem 4.9 What is the probability that, in a 20-cell aliquot from a culture
infected at an moi of 0.2, zero or one phage-infected cell will be found?

Solution 4.9

As shown in Problem 4.8, under these experimental conditions, the prob-
ability (P) of finding zero infected cells (Py) is equal to 0.018 and the prob-
ability of finding one infected cell (P;) is equal to 0.072. The probability
of finding either zero or one phage-infected cell in a 20-cell aliquot is the
sum of the two probabilities:

0.018 + 0.072 = 0.090

Therefore, 9% of the time (100 X 0.090 = 9%), either zero or one phage-
infected cell will be found. Or, expressed as a‘1 in"number, 1in 11 20-cell
aliquots will contain either zero or one infected cell (the reciprocal of
0.090 is equal to 11).

L
Problem 4.10 Following a period to allow for phage adsorption, cell
culture samples are plated to determine the number of infected cells.

It is found that 60% of the cells from the infected culture did not produce
a burst of phage; i.e,, they were not infected. What is the moi (the average
number of phage-infected cells) of the culture?

Solution 4.10
For this problem, the equation for the Poisson distribution must be solved
for m. Since the problem describes the zero case, the Poisson distribution,
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becomes

Since m® and 0! are both equal to 1, the equation is

-—m
06 =" 1“) =

To solve for m, the following relationship can be used: P = e, which is
equivalent to m = —In P. Solving for m yields

m=—In 0.6

To determine the natural log of 0.6 on a calculator, enter ., 6, then In. This
gives a value, when rounded, of —0.51. Therefore,

m = —(—0.51)

Since the negative of a negative number is a positive value, m = 0.51.

Therefore, the moi of the culture is 0.51.

4.3 MEASURING PHAGE TITER

The latter stage of bacteriophage development involves release of progeny
phage particles from the cell. Different bacteriophages accomplish this step
in different ways. Late during infection, the bacteriophage X\ encodes a pro-
tein, endolysin, which digests the bacterial cell wall. When the cell wall is
critically weakened, the cell bursts open, releasing the 50-200 virus parti-
cles produced during the infection. The infected cell is killed by this proc-
ess. Following replication of the M13 phage genome inside an infected cell,
it is packaged into a protein coat as it passes through the cytoplasmic mem-
brane on its way out of the cell. Mature M13 phage particles pass out of
the cell individually rather than in a burst. Although M13 phage do not lyse
infected cells, those harboring M13 grow more slowly than uninfected cells.

When plated with a lawn of susceptible cells, a bacteriophage will form a
circular area of reduced turbidity called a plaque. Depending on the bac-
teriophage, a plaque may be clear (such as is formed by phage T1 or the
clear mutants of X\) or a plaque can be an area containing slow-growing
cells (as is formed by M13 infection).
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When a phage stock is diluted and plated with susceptible cells such that
individual plaques can be clearly discerned on a bacterial lawn, it is poss-
ible to determine the concentration of virus particles within the stock. If the
phage stock is diluted to a degree that individual and well-isolated plaques
appear on the bacterial lawn, it is assumed that each plaque results from
one phage infecting one cell. The process of determining phage concentra-
tion by dilution and plating with susceptible cells is called titering or the
plaque assay. This method determines the number of viable phage parti-
cles in a stock suspension. A bacteriophage capable of productively infect-
ing a cell is called a plaque-forming unit (PFU).

The following problems demonstrate how to calculate phage titer and to
perform dilutions of phage stocks.

L
Problem 4.11 A bacteriophage stock is diluted in the following
manner: 0.1 mL of the phage stock is diluted into 9.9 mL of dilution buffer
(making a total volume in this first dilution tube of 10.0 mL). From this
first dilution tube, 0.1 mL is withdrawn and diluted into a second tube
containing 9.9 mL of dilution buffer. From the second dilution tube, 0.1 mL
is taken and diluted into a third tube containing 9.9 mL of dilution buffer.
From this third tube, 1.0mL is withdrawn and added to 9.0mL in a fourth
tube. Finally, 0.1 mL is withdrawn from the fourth dilution tube and plated
with 0.2 mL of susceptible cells in melted top agar. After incubating
the plate overnight, 180 plaques are counted. What is the titer of the
bacteriophage stock?

Solution 4.11

The series of dilutions described in this problem can be written so that
each dilution step is represented as a fraction. To obtain the overall dilu-
tion factor, multiply all fractions.

0.TmL % 0.TmL % 0.1mL % 1.0mL
10mL 10mL 10mL 10mL

X 0.1TmL

Expressing this series of fractions in scientific notation yields the following
overall dilution (and see Figure 4.1):

(1X1072) X (1X1073) X (1X1072) X (1X107 )X (1X 10" "mL)
=1X10"8mL
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0.1 mL 0.1 mL 0.1 mL 1.0mL 0.1 mL

T ST TN TN TN

i el
7 7 7 % 180 plaques

9.9 mL 9.9 mL 9.9 mL 9.0 mL

OimL O0fmL OfmL 10mL .
10mL " 10mL “10mL X 10mL <M

3o0}s abeyd m

(1x109)x(1x102) x(1x102) x (1 x107") x (1 x107") =1 x 1078

B FIGURE 4.1 The dilution series for Problem 4.11. A dilution of 1 X 108 yields 180 plaques.

To obtain the concentration of phage in the stock suspension, divide the
number of plaques counted by the dilution factor.

180 PFU

prvare el b 10" PFU/mL
X m

Therefore, the bacteriophage stock has a titer of 1.8 X 10'°PFU/mL.

44 DILUTING BACTERIOPHAGE

It is often necessary to dilute a bacteriophage stock so that the proper amount
(and a convenient volume) of virus can be added to a culture. The following
considerations should be taken into account when planning a dilution scheme.

m A 0.1mL aliquot taken from the last dilution tube is a convenient
volume to plate with susceptible cells. This would comprise 1 X 107!
of the 2 X 1077 dilution factor.

m A 0.1 mL aliquot is a convenient volume to remove from the phage
stock into the first dilution tube. If the first dilution tube contains
9.9 mL of buffer, then this would account for 1 X 1072 of the 2 X 1077
dilution factor.

m  Since the significant digit of the dilution factor is 2 (the 2 in 2 X 1077),
this number must be brought into the dilution series. This can be
accomplished by making a 0.2mL/10mL dilution (equivalent to a dilution
factor of 2 X 1072). Therefore, 0.2 mL taken from the first dilution tube
can be added to a second dilution tube, containing 9.8 mL of buffer.
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L
Problem 4.12 A phage stock has a concentration of 2.5 X 10° PFU/mL.
How can the stock be diluted and plated to give 500 plaques on a plate?

Solution 4.12

This problem can be tackled by taking the reverse approach of that
taken for Problem 4.11. If x represents the dilution factor required to
form 500 plaques per plate from a phage stock having a concentration of
2.5 X 10°PFU/mL, then the following equation can be written:

500PFU _ 2.5 X 10° PFU
x mL mL

Solving for x gives

(2.5 X 10° PFU)(x mL)

500PFU =
mL
w =x=2X%X10"7
2.5X10° PFU

Therefore, the phage stock must be diluted by 2 X 1077.

The phage can be diluted as follows:
(1X1072)X(2X1073) X (1X10 "mL) =2X10 > mL

The remaining amount of the dilution factor to be accounted for is

(2X107°) X (x) =2%10"
Solving for x yields

2X1077 _
x=""——=1x10"?
2X10
The last of the dilutions of those remaining should be one in which 0.1 mL
is taken into 9.9 mL of buffer. Therefore, if a phage stock at a concentration
of 2.5 X 10°PFU/mL is diluted as follows:

0.1mL % 0.2mL % 0.1TmL
10mL 10mL 10mL

X 0.1mL plated

then 500 plaques should appear on the plated lawn (see Figure 4.2).
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0.1 mL 0.2mL 0.1 mL 0.1 mL

T T TN
sl
7 7 7 500 plaques

9.9 mL 9.8 mL 9.9 mL

N\

01mL  02mL  01mL
10mL X 10mL X T10mL

x 0.1 mL

300)s abeyd

(1x10)x(2x10) x (1x1072) x (1 x107) =2x 1077

qw/N4dd ¢0L X §'¢

W FIGURE 4.2 The dilution series and phage plating of Problem 4.12 describes diluting the phage stock
by 2 X 10~ and the generation of 500 plaques from this dilution.

4.5 MEASURING BURST SIZE

Mutation of either the phage or the bacterial genome or changes in the
conditions under which infection occurs can alter the phage/host interac-
tion and the efficiency with which phage replication occurs. Measuring the
number of progeny bacteriophage particles produced within and released
from an infected cell is a simple way to gauge overall gene expression of
the infecting phage. The number of mature virus particles released from an
infected cell is called the burst size.

To perform an experiment measuring burst size, for example, phage are
added to susceptible cells at an moi of 0.1 and allowed to adsorb for
10-30min on ice. The cell/phage suspension is diluted into a large volume
with cold growth media and centrifuged to pellet the cells. The supernatant is
poured off to remove unadsorbed phage. The pelleted cells are resuspended in
cold media and then diluted into a growth flask containing prewarmed media.
A sample is taken immediately and assayed for PFUs. The plaques arising
from this titration represent the number of infected cells (termed infective
centers (ICs)); each infected cell gives rise to one plaque. After a period of
time sufficient for cell lysis to occur, phage are titered again for PFUs. The
burst size is calculated as PFUs released per IC (PFUSs/IC).

.
Problem 4.13 In a burst size experiment, phage are added to 2 X 108
cells at an moi of 0.1 and allowed to adsorb to susceptible cells for
20 minutes. Dilution and centrifugation is performed to remove
unadsorbed phage. The pelleted infected cells are resuspended in 10 mL of
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tryptone broth. At this point, ICs are assayed by diluting an aliquot of the
infected cells as follows (and see Figure 4.3):

0.TmL % 0.TmL

X 0.1mL plated
10mL  10mL

The resuspended infected cells are then shaken at 37°C for 90 min. The
number of PFUs is then assayed by diluting an aliquot as follows:

0.TmL % 0.TmL % TmL 0.5mL
10mL 10mL 10mL 10mL

X 0.1mL plated

From the assay of ICs, 200 plaques are counted on the bacterial lawn.
From the assay of PFUs following the 90min incubation, 150 plaques

are counted from the diluted sample (Figure 4.4). What is the burst size,
expressed as PFUs/IC?

0.1 mL 0.1 mL 0.1 mL

T TN TN
"
7

9.9 mL 9.9 mL

01mL  0.1mL
1omL X qomL <01TmL

s||99 pajosU| \\\\“

(1x10)x(1x102) x (1 x107") =1x107°
W FIGURE 4.3 The dilution series described in Problem 4.13 yields 200 plaques.

0.1 mL 0.1 mL 1.0mL 0.5 mL 0.1 mL

R ST NN TN

e el
7 7 7 % 150 plaques

9.9 mL 9.9 mL 9.0 mL 9.5 mL

OimL OfmL imL  05mL .
10mL “10mL “10mL X 10mL <M

(1x102) x (1x102) x (1x10 Y x (5x1072) x (1x107Y=5x%x10"2

W FIGURE 4.4 The dilution series described in Problem 4.13 (a dilution of 5 X 107%) yields 150 plaques.
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Solution 4.13
The number of ICs is determined by dividing the number of plaques obtained
following dilution by the dilution factor. The dilution scheme to obtain ICs is

0.1mLX0.1mL
10mL 10mL

X 0.1mL plated

This is equivalent to the expression

(1X1072)1X1072)(1X 10" "mL) = 1X 107> mL

The number of ICs is then equal to

200 PFUs

————— =2Xx10" PFUs/mL = 2 X 10 ICs/mL
1X107° mL

The number of PFUs following the 90 min incubation is obtained by dilut-
ing the sample in the following manner:

0.TmL _ 0.lmL _ TmL _ 0.5mL
X X X

X 0.1mL plated
10mL 10mL 10mL 10mL

This is equivalent to 5 X 1078, as shown below.
(1X1072)(1X1072)A1X107)(5X1072)(1X 10 "mL) = 5 X 10" mL

Since 150 plaques were obtained from this dilution, the concentration of
phage in the culture after 90 min is

150 PFUs

—————— =3x10° PFUs/mL
5%10 8 mL

The burst size is then calculated as the concentration of phage following
90 min incubation divided by the concentration of ICs:

3% 10° PFUs/mL _3X 10° PFUs o mL

2 %107 ICs/mL mL 2 %107 ICs
% 9
= was = 150 PFUs/IC
2X10"1Cs

Note: To perform this calculation, a fraction (3 X 10°PFUs/mL) is divided
by a fraction (2 X 1071Cs/mL). The relationship described below can be
used in such a situation.
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Dividing a fraction by a fraction is the same as multiplying the numerator
fraction by the reciprocal of the denominator fraction. A phrase frequently
used to describe this action is ‘to invert and multiply. Therefore,

Il
Q|

Il
_.\Q
S |Q

[S Y
Q=
-

—|T|=]9
S| —=

B CHAPTER SUMMARY

The ratio of infecting bacteriophage to host cell is called the multiplicity
of infection (moi). The probability that any bacterial cell will or will not be
infected when a culture of that bacteria is exposed to a certain number of
virus particles can be calculated using the Poisson distribution

e*ﬁ? m r

P =

r

r!

where P is the probability, r is the number of successes, m is the average
number of phage/cell (or infected cells), and e is the base of the natural
logarithm. The concentration of bacteriophage per unit volume is called the
phage titer and is calculated by determining the number of PFUs in a dilu-
tion of the phage stock. Burst size is the number of viable phage released
by an infected cell following replication of the virus.



Chapter

Nucleic acid quantification

5.1 QUANTIFICATION OF NUCLEIC ACIDS
BY ULTRAVIOLET (UV) SPECTROSCOPY

Any experiment requiring manipulation of a nucleic acid most likely also
requires its accurate quantification to ensure optimal and reproducible
results. The nitrogenous bases positioned along a nucleic acid strand absorb
ultraviolet (UV) light at a wavelength of 260nm; at this wavelength, light
absorption is proportional to nucleic acid concentration. This relationship
is so well characterized that UV absorption is used to accurately determine
the concentration of nucleic acids in solution. The relationship between
DNA concentration and absorption is linear up to an absorption at 260 nm
(Ayep) of 2 (Figure 5.1). For measuring the absorption of a nucleic acid
solution in a spectrophotometer, most molecular biology laboratories will
use quartz cuvettes with a width through which the light beam will travel
1 cm. Therefore, all discussions in this chapter assume a 1 cm light path.

\

25

1.5

Absorbance at 260 nm

0.5

[0 e o o o L B

0 50 100 150 200 250
ug DNA in 1 mL

M FIGURES5.1 The concentration of DNA and absorbance at 260 nm s a linear relationship up to an Ay value
of approximately 2.

Calculations for Molecular Biology and Biotechnology. DOI: 10.1016/B978-0-12-375690-9.00005-X
© 2010 Elsevier Inc. All rights reserved.
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5.2 DETERMINING THE CONCENTRATION
OF DOUBLE-STRANDED DNA (dsDNA)

Applications requiring quantitation of double-stranded DNAs (dsDNAs)
include protocols utilizing plasmids, viruses, or genomes. Quantitation is
typically performed by taking absorbance measurements at 260, 280, and
320nm. Absorbance at 260nm is used to specifically detect the nucleic
acid component of a solution. Absorbance at 280nm is used to detect
the presence of protein (since tryptophan (Trp) residues absorb at this
wavelength). Absorbance at 320nm is used to detect any insoluble light-
scattering components. A spectrophotometer capable of providing a scan
from 200 to 320 nm will yield maximum relevant information (Figure 5.2).

For nucleic acids purified from a biological source (as opposed to those
made synthetically), calculating the ratio of the readings obtained at 260
and 280nm can give an estimate of protein contamination. Pure DNA free
of protein contamination will have an A,g(/A»gq ratio close to 1.8. If phenol
or protein contamination is present in the DNA prep, the A,gy/Asg) ratio
will be less than 1.8. If RNA is present in the DNA prep, the A,g0/A»g0 ratio
may be greater than 1.8. Pure RNA preparations will have an A,gp/Asg
ratio close to 2.0.

At 260nm, DNA concentrations as low as 2mg/mL can be detected. A
solution of DNA with a concentration of 50 mg/mL will have an absorb-
ance at 260 nm equal to 1.0. Written as an equation, this relationship is

1 Ay unit of dSDNA = 50 pg DNA/mL

0.3

Absorbance

T T T T
220 240 260 280 300 320
Wavelength (nm)

W FIGURE5.2 Atypical spectrophotometric scan of double-stranded DNA (dsDNA). Maximum absorbance
occurs at 260 nm. Absorbance at 230 nm is an indication of salt in the sample. If the sample is optically clear, it
should give a very low reading at 320 nm, which is in the visible wavelength region of the spectrum.



5.2 Determining the concentration of double-stranded DNA (dsDNA) 101

Absorbance and optical density (OD) are terms often used interchange-
ably. The foregoing relationship can also be written as a conversion factor:

50 ng DNA/mL
1.00D

The following problems use this relationship.

s
Problem 5.1 From a small culture, you have purified the DNA of a
recombinant plasmid. You have resuspended the DNA in a volume
of 50 L. You dilute 20 pL of the purified DNA sample into a total
volume of 1000 pL distilled water. You measure the absorbance of this
diluted sample at 260 and 280 nm and obtain the following readings:
Azeo = 0.550; Aygo = 0.324.

a) What is the DNA concentration of the 50 uL plasmid prep?
b) How much total DNA was purified by the plasmid prep procedure?
c) What is the A,g0/Ayg ratio of the purified DNA?

Solution 5.1(a)
This problem can be solved by setting up the following ratio:

xpg DNA/mL _ 50 ugDNA/mL
0.5500D 1.00D

(0.550 OD)(50 jig DNA/mL)
1.00D

x pgDNA/mL =
x = 27.5pgDNA/mL

This amount represents the concentration of the diluted DNA solution
that was used for the spectrophotometer. To determine the concentration
of DNA in the original 50mL plasmid prep, this value must be divided by
the dilution factor. A 20mL sample of the plasmid prep DNA was diluted
into water for a total diluted volume of 1000 mL.

27.5pg DNA/mL 1000
e e =27, mL X ——
>0 27.5),gDNA/ML X —

1000

_ 27500 g DNA/mL

= 1375pgDNA/mL
20 ng
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Therefore, the original 50 uL plasmid prep has a concentration of 1375ug
DNA/mL. To bring this value to an amount of DNA per pL, it can be multi-
plied by the conversion factor, 1 mL/1000 pL:

137519 DNA % TmL
mL 1000 L

= 1.351g DNA/pL

Therefore, the 50uL plasmid prep has a concentration of 1.35 g DNA/mL.

Solution 5.1(b)

The total amount of DNA recovered by the plasmid prep procedure can
be calculated by multiplying the DNA concentration obtained earlier by
the volume containing the recovered DNA:

137519 DNA % TmL % 50 (1375)(50)

L =-————-=6875u9 DNA
mL 1000 pL " 1000 ha

Therefore, the original 50 L plasmid prep contained a total of 68.75ug
DNA. However, since 20 uL was used for diluting and reading in the spec-
trophotometer, only 30pL of sample prep remains. Therefore, the total
remaining amount of DNA is calculated by multiplying the remaining vol-
ume by the concentration:

1.351g DNA

30pL X
pL

= 40.5pg DNA

Therefore, although 68.751g of DNA were recovered from the plasmid
prep procedure, you used up some of it for spectrophotometry and you
now have 40.5 g DNA remaining.

Solution 5.1(c)
The Ayeo/Asgo ratio is

9559 _ 1703
0.323

5.2.1 Using absorbance and an extinction
coefficient to calculate double-stranded
DNA (dsDNA) concentration

At a neutral pH and assuming a G+C DNA content of 50%, a DNA solu-
tion having a concentration of 1 mg/mL will have an absorption in a 1cm
light path at 260nm (A, of 20. For most applications in molecular
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biology, G+C content, unless very heavily skewed, need not be a consid-
eration when quantitating high-molecular-weight dsDNA. The absorption
value of 20 for a 1 mg DNA/mL solution is referred to as DNA’s extinction
coefficient. It is represented by the symbol E or e. The term extinction
coefficient is used interchangeably with absorption constant or absorp-
tion coefficient. The formula that describes the relationship between
absorption at 260nm (A,g), concentration (¢) (in mg/mL), the light path
length (I) of the cuvette (in centimeters), and the extinction coefficient at
260nm (Eygq) for a 1 cm light path is

Argy = Epgolc

This relationship is known as Beer’s Law. Since the light path, /, is 1, this
equation becomes

Ayep = EpgoC
Rearranging the equation, the concentration of the nucleic acid, ¢, becomes

A
¢ = a0

Eseo

L
Problem 5.2 A DNA solution has an A4 value of 0.5. What is the DNA
concentration in pg DNA/mL?

Solution 5.2
The answer can be obtained using the equation for Beer's Law.

A
c = Mo

E 260

c= % = 0.025mg DNA/mL

0.025mg DNA/mL x 120019
m

= 25pgDNA/mL

Therefore, the sample has a concentration of 25 g DNA/mL.
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L
Problem 5.3 A DNA solution has an A, value of 1.0. What is the DNA

concentration in pg DNA/mL?

Solution 5.3
The answer can be obtained using the equation for Beer’s Law.

c= Aseo
E260
1.0
c= % = 0.05 mg DNA/mL
0.05 mg DNA/mL x "2%%19 _ 50,5 DNA/ML
m

Therefore, the solution has a concentration of 50ug DNA/mL. Notice that
this value is the one described earlier.

1A,60 unit of dsDNA = 50 pg DNA/mL

5.2.2 Calculating DNA concentration
as a millimolar (mM) amount

The extinction coefficient (E5qy) for a 1 mM solution of dsDNA is 6.7. This
value can be used to calculate the molarity of a solution of DNA.

s
Problem 5.4 A solution of DNA has an absorbance at 260 nm of 0.212.
What is the concentration of the DNA solution expressed as millimolarity?

Solution 5.4
This problem can be solved by setting up a relationship of ratios such that
itis read'1 mMis to 6.7 0D as xmM is to 0.212OD!

TmM _ x mM
670D 0.2120D

(1mM)(0.212 OD) _
6.70D

0.03mM = x

x mM

Therefore, a DNA solution with an A,g, of 0.212 has a concentration of
0.03 mM.
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[
Problem 5.5 A solution of DNA has an absorbance at 260 nm of 1.00.

What is its concentration expressed as millimolarity?

Solution 5.5
This problem can be solved using ratios, with one of those ratios being the
relationship of a 1 mM solution of dsDNA to the extinction coefficient 6.7.

xmM — 1mM
1.000D 6.70D

xmM = (1mM)(1.00 OD) = 0.15mM
6.7 OD

Therefore, a solution of dsDNA with an A,s, of 1.00 has a concentration of
0.15mM. This relationship,

1.0 Aygo of dsDNA = 0.15 mM

has frequent use in the laboratory.

[
Problem 5.6 A solution of DNA has a concentration of 0.03 mM. What is

its concentration expressed as pmol/ulL?

Solution 5.6

A 0.03 mM solution, by definition, has a concentration of 0.03 millimoles per
liter. A series of conversion factors is used to cancel terms and to transform
a concentration expressed as millimolarity to one expressed as pmol/pL:

! % 10°
003mmol>< 1L ><1 10” pmol

= 30 pmol/pL
L 1X10° uL mmol POtk

Therefore, a 0.03 mM DNA solution has a concentration of 30 pmol DNA/pL.
|

5.2.3 Using PicoGreen® to determine
DNA concentration

Determining DNA concentration by measuring a sample’s absorbance at
260nm, though a common practice and, for many years, the gold standard
of methods for DNA quantification, can be prone to inaccuracies that result
from the contribution that such contaminants as salt, protein, nucleotides
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(nts), and RNA can make to the absorbance value. In addition, a solution
of DNA having a concentration less than 2 pg/mL cannot be quantified reli-
ably by measuring its 260 nm absorbance. More recently, however, fluores-
cent dyes have been used as a tool for nucleic acid quantification, the best
example of which is PicoGreen® from Life Technologies. PicoGreen offers
the advantages that it is specific for dsDNA, only fluoresces when bound to
dsDNA, and can detect dsDNA at concentrations as low as 25 pg/mL.

Quantification of dsDNA using PicoGreen requires that a standard curve
of known concentrations be made using the same reagents prepared for the
unknown sample. The DNA used for the standard curve is typically pre-
pared from bacteriophage \ or calf thymus and is diluted (in TE) in con-
centrations from 1ng/mL to 1000ng/mL. The DNA dilutions are combined
with PicoGreen reagent, allowed to incubate for several minutes at room
temperature, and then read on a spectrofluorometer that excites the samples
at a wavelength of 480nm and reads their emission intensity at 520nm.
A standard curve presents the samples’ fluorescence (y axis) vs. DNA con-
centration (x axis). An equation describing that curve can then be used to
calculate the DNA concentration of an unknown sample based on its fluo-
rescence, as demonstrated in the following problem.

s
Problem 5.7 A dilution series of calf thymus DNA is assayed for its
DNA content using PicoGreen. The following results are obtained. (These
values represent the concentrations of DNA in the assay tubes.)

DNA concentration Fluorescence
(ng/mL)

1 5572
25 6945
5 9245
10 13820
25 27585
50 50520
100 99710
250 234952
500 450210
750 700025
1000 920110

A sample of human DNA using PicoGreen reagent generates fluorescence
of 28 795 units. What is its concentration?
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Solution 5.7

We will generate a standard curve using Microsoft Excel, determine the line
of best fit's (the regression line’s) equation, and then use that equation to
calculate the concentration of the unknown human DNA sample. The pro-
tocol for using the Excel graphing utility can be found in Appendix A.

In the Excel spreadsheet, enter 'ng/mL (x)'in the column A, row 1 box and
‘Fluorescence (y)'in the column B, row 1 box. Fill the data in for both col-
umns. The spreadsheet should look similar to Figure 5.3.

Plot the above data using the ‘XY (Scatter)’ chart type. When a trendline is
added according to the instructions in Appendix A, the chart will appear
on the spreadsheet as shown in Figure 5.4.

A B C D

Standard Curve

1 ng/mL (x) Fluorescence (y)

2 1 5,572

3 2.5 5,945

4 5 9,245

5 10 13,820

6 25 27,585

B 50 50,520

8 100 99,710

9 250 234,952 W FIGURE5.3 The values of fluorescence for
10 500 450,210 each diluted sample of calf thymus DNA used for the
11 750 700,025 . .
12 1000 920,110 standard curve assay in Problem 5.7, as entered in
=% an Excel spreadsheet.

Standard Curve y = 916.1x + 4652.3

R2 =0.9998
1,000,000 |

900,000
800,000
700,000
600,000
500,000
400,000
300,000
200,000
100,000 +—

04
0 260 460 6(1)0 8(IJO 1000 W FIGURE5.4 The regression line and equation

for Problem 5.7 data, as calculated in Microsoft Excel.

Fluorescence

ng/mL
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The regression equation for this line is, therefore, y = 916.1x + 4652.3. We
now calculate the concentration of the unknown sample using this equa-
tion. The unknown sample generated a fluorescence value of 28795. This
is the y value in the equation. We then solve for x to give us the DNA con-
centration in ng/mL:

y = 916.1x + 4652.3

28 795 = 916.1x + 4652.3

916.1x = 28 795 — 4652.3

916.1x = 24 142.7

24 142.7

X = ee—
916.1

= 26.35

Therefore, the concentration of the unknown sample in the assay tube is
26.35ng/mL.

Note: If a fluorescence value for an unknown sample falls outside of that
covered by the standard curve and outside of the linear range of detec-
tion, the sample should be diluted if too high or concentrated if too low
so that a reliable measurement can be obtained.

53 DETERMINING THE CONCENTRATION
OF SINGLE-STRANDED DNA (ssDNA)
MOLECULES

5.3.1 Single-stranded DNA (ssDNA) concentration
expressed in pg/mL

To determine the concentration of single-stranded DNA (ssDNA) as a pg/
mL amount, the following conversion factor is used:

1 OD of ssDNA = 33 ug/mL

s
Problem 5.8 Single-stranded DNA isolated from M13mp18, a derivative
of bacteriophage M13 used in cloning and DNA sequencing applications,
is diluted 10pL into a total volume of 1000 pL water. The absorbance
of this diluted sample is read at 260 nm and an A,¢, value of 0.325 is
obtained. What is its concentration in pg/mL?
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Solution 5.8

This problem can be solved by setting up a ratio, with the variable x rep-
resenting the concentration in pg/mL for the diluted sample. The equa-
tion can be read xpg/mL is to 0.1250D as 33ug/mL is to 10D!. Once
x is obtained, the concentration of the stock DNA can be determined
by multiplying the concentration of the diluted sample by the dilution
factor.

xpg/mL 33 pg/mL

01250D 10D

X pg/mL = 0.125 X 33 pg/mL
= 4.125 pg/mL

Therefore, the concentration of the diluted sample is 4.125ug/mL. To
determine the concentration of the M13mp18 DNA stock solution, this
value must be multiplied by the dilution factor:

1000l _ 4125ug/mlL
ouL 10
= 412.5pg/mL

4.125pg/mL X

Therefore, the stock of M13mp18 DNA has a concentration of 412.5 ug/mL.
|

5.3.2 Determining the concentration

of high-molecular-weight single-stranded

DNA (ssDNA) in pmol/pL
The concentration of high-molecular-weight ssDNA can be expressed
as a pmol/uL. amount by first determining how many micrograms of the
ssDNA are equivalent to one pmol. To do this, we use the average molecu-
lar weight of a deoxynucleotide in a DNA strand. For ssDNA, it is taken to
be 330daltons. This value is then used as a conversion factor to bring the
concentration of ssSDNA expressed as pg/mL to a concentration expressed
in pmol/pL.

The unit dalton is defined as % the mass of the carbon-12 atom. It is used
interchangeably with ‘molecular weight, a quantity expressed as grams/
mole. That is, there are 330g of nt per mole of nt.
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L
Problem 5.9 A stock of M13mp18 DNA has a concentration of
412.5ug/mL. What is this concentration expressed in pmol/uL?

Solution 5.9

The cloning vector M13mp18 is 7250 nts in length. To express this as pg/
pmol, the following relationship is set up, in which a series of conversion
factors is used to cancel terms:

6
330 g/mol % 1X10° ug % mole

7250 nts X -
nt g 1X10'“ pmol

= 2.39 pg/pmol

Therefore, 2.39ng of a 7250 nt-long ssDNA molecule is equivalent to 1 pmol.
This value can now be used to convert pg/mL to pmol/uL:

412.5pLg>< Tpmol % TmL

= 0.17 pmol/uL
mL 239ug 1000 pL

Therefore, the M13mp18 DNA stock has a concentration of 0.17 pmol/pL.
|

5.3.3 Expressing single-stranded DNA (ssDNA)
concentration as a millimolar (mM) amount

The extinction coefficient (Eyq) for a 1 mM solution of ssDNA is 8.5. This

value can be used to determine the millimolarity concentration of any ssDNA

solution from its absorbance.

L
Problem 5.10 A 1 mL sample of ssDNA has an absorbance of 0.285.
What is its mM concentration?

Solution 5.10
The following relationship can be used to determine the millimolarity
concentration.

xmM _ TmM
0.2850D 850D

(1mM)(0.2850D)
850D

xmM = = 0.03mM

Therefore, a solution of ssDNA with an absorbance of 0.285 has a concen-
tration of 0.03 mM.
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54 OLIGONUCLEOTIDE QUANTIFICATION
54.1 Optical density (OD) units

Many laboratories express an amount of an oligonucleotide in terms of opti-
cal density (OD) units. An OD unit is the amount of oligonucleotide dis-
solved in 1.0mL giving an A,g, of 1.00 in a cuvette with a 1cm light path
length. It is calculated by the equation

OD units = (A,4,) X (oligonucleotide volume) X (dilution factor)

L
Problem 5.11 Following its synthesis, an oligonucleotide is dissolved in

1.5 mL of water. You dilute 50 pL of the oligonucleotide into a total volume
of 1000 pL and read the absorbance of the diluted sample at 260 nm.

An A,go 0f 0.264 is obtained. How many OD units are present in the 1.5mL
of oligonucleotide stock?

Solution 5.11
Using the formula just given, the number of OD units is

1000 uL
50 L

OD units = 0.264 X 1.5mL X

= ﬁ = 7.92 OD units
50

Therefore, the 1.5 mL solution contains 7.92 OD units of oligonucleotide.
|

5.4.2 Expressing an oligonucleotide’s

concentration in pg/mL
An A,q reading can be converted into a concentration expressed as pg/mL
using the extinction coefficient for ssDNA of 1 mL/33pg for a 1cm light
path. In other words, a solution of ssDNA with an A,q, value of 1.0 (1.00D
unit) contains 33pg of ssDNA per milliliter. Written as an equation, this
relationship is

1 OD unit = 33 pg ssDNA/mL
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L
Problem 5.12 In Problem 5.11, a diluted oligonucleotide gave an A,
reading of 0.264. What is the concentration of the oligonucleotide in
g DNA/mL?

Solution 5.12
This problem can be solved using the following ratio.

X pg sSDNA/mL _ 33 pug ssDNA/mL
0.264 OD 10D

(0.264 OD)(33 pg ssDNA/mL)
10D

x = 8.712 pg ssDNA/mL

X pg ssDNA =

This value represents the concentration of oligonucleotide in the diluted
sample used for spectrophotometry. The concentration of the oligonucleo-
tide stock solution is obtained by multiplying this value by the dilution
factor (the inverse of the dilution):

1000 L

50

8.712 g ssDNA/mL X = 174.24 ng ssDNA/mL

Therefore, the concentration of the oligonucleotide stock solution is
174.24 19 ssDNA/mL.

54.3 Oligonucleotide concentration expressed
in pmol/pL

Many applications in molecular biology require that a certain number of
picomoles (pmol) of oligonucleotide be added to a reaction. This is true
in the case of fluorescent DNA sequencing, for example, which, for some
protocols, requires 3.2 pmol of oligonucleotide primer per sequencing reac-
tion. An oligonucleotide’s concentration can be calculated from an Ay,
value by using the formula

co Aggy X 100
(1.54 X nA) + (0.75 X nC) + (1.17 X nG) + (0.92 X nT)

X dilution factor

In this formula, the concentration, C, is calculated as picomoles per micro-
liter (pmol/uL). The denominator consists of the sum of the extinction
coefficients of each base multiplied by the number of times that base
appears in the oligonucleotide.
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Extinction coefficients for the bases of DNA

The extinction coefficients for the bases are usually expressed in liters per
mole or as the absorbance for a 1 M solution at the wavelength where
the base exhibits maximum absorbance. Either way, the absolute value is
the same. The extinction coefficient for dATP, for example, is 15400 L/mol,
ora 1M solution (at pH 7) of dATP will have an absorbance of 15400 at
the wavelength of its maximum absorbance. The amount 15400 L/mol is
equivalent to 0.0154 uL/pmol, as shown by the following conversion:

ws400LX1x1o6;LLX ™ 00154 pL
mole L 1%x10" pmol pmol

The earlier formula to calculate oligonucleotide concentration uses the
value 1.54 as the extinction coefficient for dATP. This value is obtained by
multiplying the expression by 100/100 (which is the same as multiplying
by 1). This manipulation leaves a‘100'in the numerator and makes the
equation more manageable.

s
Problem 5.13 An oligonucleotide with the sequence
GAACTACGTTCGATCAAT is suspended in 750 uL of water. A 20 L aliquot
is diluted to a final volume of 1000 L with water, and the absorbance at
260 nm is determined for the diluted sample. An OD of 0.242 is obtained.
What is the concentration of the oligonucleotide stock solution in pmol/uL?

Solution 5.13

The oligonucleotide contains six A residues, four C residues, three G resi-
dues, and five T residues. Placing these values into the equation given ear-
lier yields the following result:

X
Cc= Az 2100 X dilution factor
(1.54 X nA) + (0.75 X nC) + (1.17 X nG) + (0.92 X nT)
. X
omolful. = 0.242 X 100 1000
(1.54 X 6) +(0.75X 4)+ (1.17 X 3) + (0.92 X 5) 20 pL
24.2 1000
pmol/pL = X
9.24 +3.00 +3.51+ 4.60 20
pmol/uL = 24.2 « 1000 _ 24,200 — 5046

20.35 20 407

Therefore, the oligonucleotide stock solution has a concentration of
59.46 pmol/pL.
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L
Problem 5.14 An oligonucleotide stock has a concentration of
60 pmol/pL. You wish to use 3.2 pmol of the oligonucleotide as a primer in
a DNA sequencing reaction. How many microliters of oligo stock will give
you the desired 3.2 pmol?

Solution 5.14
The answer can be obtained in the following manner:

60 pmol

X x pL = 3.2 pmol
pL

Setting up the equation in this way allows cancellation of units to give us
the number of picomoles. Solving then for x yields

x = _>2Pmol g0
60 pmol/uL

Therefore, to deliver 3.2 pmol of oligonucleotide primer to a reaction, you
need to take a 0.05plL aliquot of the 60 pmol/uL oligonucleotide stock.
However, delivering that small a volume with a standard laboratory micro-
pipette is neither practical nor accurate. It is best to dilute the sample to a
concentration such that the desired amount of DNA is contained within
a volume that can be accurately delivered by your pipettor system. For
example, say that you wanted to deliver 3.2 pmol of oligonucleotide in a
2plL volume. You can then ask, ‘If | take a certain specified and convenient
volume from the oligonucleotide stock solution, say 5pL, into what vol-
ume of water (or TE dilution buffer) do | need to dilute that 5L to give
me a concentration such that 3.2 pmol of oligonucleotide are contained
in a 2L aliquot? That problem can be set up in the following way:

60 pmol % S5pL _ 3.2 pmol
plL X plb 2L

300 pmol _ 3.2 pmol

X pL 2pL
300 pmol = 3.2x2pmol

600 pmol = 3.2x pmol

600 pmol _
3.2 pmol

1875 = x
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Therefore, if 5pl is taken from the 60 pmol/uL oligonucleotide stock solu-
tion and diluted to a final volume of 187.5uL, then 2L of this diluted
sample will contain 3.2 pmol of oligonucleotide.

5.5 MEASURING RNA CONCENTRATION
The following relationship is used for quantifying RNA:

1 Aygy unit of RNA = 40 pg/mL

s
Problem 5.15 Forty microliters of a stock solution of RNA is diluted
with water to give a final volume of 1000 L. The diluted sample has an
absorbance at 260 nm of 0.142. What is the concentration of the RNA
stock solution in ug/mL?

Solution 5.15
Ratios are set up that read ‘xpg RNA/mL is to 0.1420D as 40pg RNA/mL
isto 1.00D!
X pg RNA/mL _ 40 pg RNA/mL
0.142 OD 10D
X g RNA/mL = (0.142 OD)(14g§g RNA/mL)

= 5.7 ng RNA/mL

This value represents the concentration of the diluted sample. To obtain
the concentration of the RNA stock solution, it must be multiplied by the
dilution factor:

1000 L

v

5.7 ng RNA/mL X

= 142.5pg RNA/mL

Therefore, the RNA stock solution has a concentration of 142.51g RNA/mL.
|

56 MOLECULAR WEIGHT, MOLARITY,
AND NUCLEICACID LENGTH

The average molecular weight of a DNA base is approximately 330daltons
(or 330 grams/mole (g/M)). The average molecular weight of a DNA bp is
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twice this, approximately 660daltons (or 660g/M). These values can be
used to calculate how much DNA is present in any biological source.

For small ssDNA molecules, such as synthetic oligonucleotides, the molec-
ular weights of the individual nts can be summed to determine the strand’s
total MW according to the following formula:

MW = (n, X 335.2) + (nc X 311.2) + (ng X 351.2) + (n; X 326.2) + P

where ny is the number of nts of A, C, G, or T in the oligonucleotide and P
is equal to —101.0 for dephosphorylated (lacking an end phosphate group)
or 40.0 for phosphorylated oligonucleotides.

The following problems demonstrate how molecular weight, molarity, and
nucleic acid length relate to DNA quantity.

L
Problem 5.16 How much genomic DNA is present inside a single
human diploid nucleated cell? Express the answer in picograms.

Solution 5.16

The first step in solving this problem is to calculate the weight, in grams,
of a single bp. This value will then be multiplied by the number of bps in a
single diploid cell. The first calculation uses Avogadro’s number:

6609 % Tmol

=1.1x10"%g/b
mol 6,023 X 102 bp aop

Therefore, a single bp weighs 1.1 X 1072'g.

There are approximately 6 X 10° bps per diploid human nucleated
cell. This can be converted to a picogram amount by using the conversion
factor 1 X 10'? picograms/gram, as shown in the following equation:

—21 12
1.1X10 gX1><10 pg:7

6 X 10° bp X
bp

P9

Therefore, a single diploid human cell contains 7 pg of genomic DNA.
|
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s
Problem 5.17 You have 5mL of bacteriophage  stock having a
concentration of 2.5 X 10" phage/mL. You will purify X DNA using the
entire stock. Assuming 80% recovery, how many micrograms of X DNA
will you obtain?

Solution 5.17
First, calculate the total number of phage particles by multiplying the
stock’s concentration by its total volume:

25X 10" phage

X 5mL = 1.25 X 10" phage
mL

In the previous problem, we found that one bp weighs 1.1 X 107%'g. The
bacteriophage X\ is 48502 bp in length. With these values, the quantity of
DNA contained in the 5 mL of X phage stock can be calculated:

48 502bp 1.1 10 %g o 1 10° g

1.25 X 10' phage X
phage bp

= 66.7 ug DNA

Therefore, a total of 66.7 1g of DNA can be recovered from 12.5 X 10'?phage.
Assuming 80% recovery, this value must be multiplied by 0.8:

66.7 png DNA X 0.8 = 53.41g DNA

Therefore, assuming 80% recovery, 53.4 g of DNA will be recovered from
the 5mL phage stock.

L
Problem 5.18 X\ DNA is recovered from the 5 mL phage stock described
in Problem 5.16. In actuality, 48.5 ug of DNA are recovered. What is the
percent recovery?

Solution 5.18
% recovery = (actual yield/expected yield) X 100

485 g

X100 = 72.7% recovery
66.7 pg
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|
Problem 5.19 X\ DNA is 48502bp in length. What is its molecular weight?

Solution 5.19
Since the X genome is dsDNA, the 660 daltons/bp conversion factor is used.

48502bp X w =32 %107 daltons

p

s
Problem 5.20 A plasmid cloning vector is 3250 bp in length.
a) How many picomoles of vector are represented by 1pg of purified
DNA?
b) How many molecules does 1 g of this vector represent?

Solution 5.20(a)
The first step is to calculate the MW of the vector:

660 g/mol

MW = 3250 bp X = 2.1X10° g/mol

This value can then be used to calculate how many picomoles of vector
are represented by 1pg of DNA.

1mol 1x10' | 1 1x 10" |

1 g vector X moﬁ X pmo X gﬁ = 0 p1r£10
21X10° g 1mol 1X10° ng 2.1X10
= 0.48 pmol

Therefore, 1 g of the 3250 bp vector is equivalent to 0.48 pmol.

Solution 5.20(b)

To calculate the number of molecules of vector in 1pg, we need to use
the conversion factor relating bps and grams determined in Problem 5.15.
The problem is then written as follows:

1molecule 1bp 19 1 molecule
Tng X X = X 6 - —-12
3250 bp 11X10 g 1X10°pg 3.6X10

=2.8x% 10" molecules

Therefore, there are 2.8 X 10"" molecules of the 3250bp plasmid vector
contained in 1pg.
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To calculate picomole quantities or molecule abundance for ssDNA mole-
cules, a similar approach is taken to that used in the preceding problems.
However, a conversion factor of 330g/mol should be used, rather than
660 g/mol as for dsDNA.

L
Problem 5.21 The ssDNA vector M13mp18 is 7250 bases in length.

How many micrograms of DNA does 1 pmol represent?

Solution 5.21
First, calculate the molecular weight of the vector:

330 g/mol

= 2.4 % 10° g/mol
base

7250 bases X

This value can then be used as a conversion factor to convert picomoles
to micrograms:

6 6 12
1pmo|><2'4><10 gx1><10 Mg o 1rgol :2.4><1012pg
mol g 1X10'“ pmol 1X10
=249

Therefore, 1 pmol of M13mp18 is equivalent to 2.4 .9 DNA.

|
Problem 5.22 What is the molecular weight of a dephosphorylated
oligonucleotide having the sequence 5'-GGACTTAGCCTTAGTATTGCCG-3'?

Solution 5.22

The oligonucleotide has four As, five Cs, six Gs, and seven Ts. These values
are placed into the formula for calculating an oligonucleotide’s molecular
weight. Since the oligonucleotide is dephosphorylated, P in the equation
is equal to —101.0.

MW = (n, X 335.2) + (nc X 311.2) + (ng X 351.2) + (n; X 326.2) + P
MW = (4 X 335.2) + (5X311.2) + (6 X 351.2) + (7 X 326.2) + (—101.0)
MW = (1340.8) + (1556) + (2107.2) + (2283.4) — 101.0

MW = 7186.4 daltons

Therefore, the oligonucleotide has a molecular weight of 7186.4 daltons.
|
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5.7 ESTIMATING DNA CONCENTRATION
ON AN ETHIDIUM BROMIDE-STAINED GEL

Agarose gel electrophoresis is commonly used to separate DNA fragments
following a restriction digest or PCR amplification. Fragments are detected
by staining the gel with the intercalating dye, ethidium bromide, followed
by visualization/photography under UV light. Ethidium bromide stains
DNA in a concentration-dependent manner such that the more DNA that is
present in a band on the gel, the more intensely it will stain. This relation-
ship makes it possible to estimate the quantity of DNA present in a band
through comparison with another band of known DNA amount. If the inten-
sities of two bands are similar, then they contain similar amounts of DNA.
Ethidium bromide stains ssDNA and RNA only very poorly. These forms
of nucleic acid will not give reliable quantitation by gel electrophoresis.

s
Problem 5.23 Five hundred nanograms (0.5 ug) of X DNA digested with
the restriction endonuclease Hindlll is loaded onto an agarose gel as a
size marker. A band generated from a DNA amplification experiment has
the same intensity upon staining with ethidium bromide as the 564 bp
fragment from the \ Hindlll digest. What is the approximate amount of
DNA in the amplified fragment?

Solution 5.23

This problem is solved by determining how much DNA is in the 564 bp
fragment. Since the amplified DNA fragment has the same intensity
after staining as the 564 bp fragment, the two bands contain equivalent
amounts of DNA.

Phage X is 48502 bp in length. The 564 bp Hindlll fragment is to the total
length of the phage X\ genome as its amount (in ng) is to the total amount
of X\ Hindlll marker run on the gel (500ng). This allows the following
relationship:

xng _ 564bp

500ng 48 502bp

(500ng)(564 bp) _
48502 bp

5.8ng

Therefore, there are approximately 5.8 ng of DNA in the band of the ampli-
fied DNA fragment.
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B CHAPTER SUMMARY

Nucleic acids maximally absorb UV light at approximately 260 nm. Double-
stranded DNA (dsDNA) having a concentration of 50pg/mL will have an
absorbance at 260nm (an Aygo) or 1.0. This relationship is used to calculate
the DNA concentration of a sample having unknown DNA content. Proteins
absorb UV light at approximately 280nm. A DNA sample’s 260 nm/280 nm
ratio gives an indication of its purity. Double-stranded DNA having a con-
centration of 1 mg/mL has an extinction coefficient (E) at 260 nm of 20. This
value, along with a DNA sample’s measured absorbance at 260nm, can be
used to calculate that sample’s DNA concentration, using the relationship

A 1mM solution of dsDNA has an extinction coefficient at 260nm of 6.7.
Double-stranded DNA having an absorbance at 260nm of 1.0 has a con-
centration of 0.15mAM. The concentration of DNA can also be calculated
using a standard curve generated by staining known quantities of a DNA
control with a DNA-binding dye such as PicoGreen. The regression line
describing the standard curve can be used to calculate the concentration of
an unknown DNA sample.

Single-stranded DNA (ssDNA) having a concentration of 33 pg/mL will
have an absorbance at 260nm of 1.0. The average molecular weight of a
nt in ssDNA is 330 g/m. The average molecular weight of a bp is 660 g/m.
A 1 mM solution of ssDNA has an extinction coefficient at 260 nm of 8.5.
A solution of ssDNA with an A, of 1.0 has a concentration of 33 pg/mL.

Oligonucleotide concentration is often expressed in OD units, which is cal-
culated using the relationship

OD units = (A,4,) X (oligonucleotide volume) X (dilution factor)

An oligonucleotide’s concentration can also be determined using the sum
of the extinction coefficients of its composite nts, as expressed in the fol-
lowing relationship:

co Ay X 100
(1.54 X nA) + (0.75 X nC) + (117 X nG) + (0.92 X nT)

X dilution factor

A sample of RNA with an absorbance at 260nm of 1.0 has a concentration
of 40 pg/mL.
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The molecular weight of DNA can be calculated by adding the molecular
weights of its constituent bases using the relationship

MW = (n, X335.2) + (n. X 311.2) + (ng X 351.2) + (np X 326.2) + P

where ny is the number of nts of A, C, G, or T in the oligonucleotide and P
is equal to —101.0 for dephosphorylated (lacking an end phosphate group)
or 40.0 for phosphorylated oligonucleotides. A single bp weighs roughly
1.1 X 1072l g.

DNA concentration of a band on an ethidium bromide-stained gel can be
estimated by comparing its intensity to fragments of known length and of
known amount.



Chapter

Labeling nucleic acids
with radioisotopes

B INTRODUCTION

Sequencing DNA, quantitating gene expression, detecting genes or
recombinant clones by probe hybridization, monitoring cell replica-
tion, measuring the rate of DNA synthesis — there are a number of rea-
sons why researchers need to label nucleic acids. Radioisotopes have
found wide use as nucleic acid tags because of several unique features.
They are commercially available, sparing the researcher from having to
perform a great deal of up-front chemistry. They can be attached to indi-
vidual nts and subsequently incorporated into DNA or RNA through
enzyme action. Nucleic acids labeled with radioisotopes can be detected
by several methods, including liquid scintillation counting (providing
information on nucleic acid quantity) and exposure to X-ray film (provid-
ing information on nucleic acid size or clone location). This section dis-
cusses the mathematics involved in the use of radioisotopes in nucleic
acid research.

6.1 UNITS OF RADIOACTIVITY - THE CURIE (Ci)

The basic unit characterizing radioactive decay is the curie (Ci). It is
defined as the quantity of radioactive substance having a decay rate of
3.7 X 10'0 disintegrations per second (2.22 X 10'?> disintegrations per
minute (dpm)). Most instruments used to detect radioactive decay are
less than 100% efficient. Consequently, a defined number of curies of
some radioactive substance will yield fewer counts than theoretically
expected.

The disintegrations actually detected by an instrument, such as by a liquid
scintillation counter, are referred to as counts per minute (cpm).

Calculations for Molecular Biology and Biotechnology. DOI: 10.1016/B978-0-12-375690-9.00006-1
© 2010 Elsevier Inc. All rights reserved.
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s
Problem 6.1 How many dpm are associated with 1uCi of radioactive
material?

Solution 6.1
The answer is obtained by using conversion factors to cancel terms, as
shown in the following equation:

G 222% 10'2 dpm

- =222x10°dpm
1X10° uCi Ci

TuCi X

Therefore, 1Ci is equivalent to 2.22 X 10°dpm.

L
Problem 6.2 If the instrument used for counting radioactive material
is 25% efficient at detecting disintegration events, how many cpm will
1pCivyield?

Solution 6.2

In Problem 6.1, it was determined that 1pCi is equivalent to 2.22 X 106dpm.
To calculate the cpm for 1uCi, the dpm value should be multiplied by 0.25
(25% detection efficiency):

2.22 X 108 dpm X 0.25 = 5.55 X 10° cpm

Therefore, an instrument counting radioactive decay with 25% efficiency
should detect 5.55 X 10° cpm for a 1 pCi sample.

6.2 ESTIMATING PLASMID COPY NUMBER

Plasmids — autonomously replicating, circular DNA elements used for
cloning of recombinant genes — exist within a cell in one to several hun-
dred copies. In one technique for determining how many copies of a plas-
mid are present within an individual cell, a culture of the plasmid-carrying
strain is grown in the presence of [*H]-thymine or [*H]-thymidine (depend-
ing on the needs of the strain). After growth to log phase, the cells are
harvested and lysed, and total DNA is isolated. A sample of the isolated
DNA is centrifuged in an ethidium bromide—cesium chloride gradient to
separate plasmid from chromosomal DNA. Following centrifugation, the



6.2 [stimating plasmid copy number 125

250000
200000

150 000

cpm

100000

50 000

AN

(O IR L B L B B L LN B LR
0 5 10 15 20 25 30 35 40

Fraction Number

B FIGURE 6.1 Fractions collected from an ethidium bromide—cesium chloride gradient separating plasmid
from chromosomal DNA. Cells are grown in the presence of radioactive thymine or thymidine so that replicating
DNA is labeled with the tritium isotope. Supercoiled plasmid DNA, centered around fraction 12, sediments at a
higher density than sheared chromosomal DNA, centered around fraction 26.

centrifuge tube is punctured at its bottom, fractions are collected onto filter
discs, and the DNA is precipitated on the filters by treatment with trichlo-
roacetic acid (TCA) and ethanol. The filters are dried and counted in a
scintillation spectrometer. A graph of fraction number vs. cpm might pro-
duce a profile such as that shown in Figure 6.1. The smaller peak, centered
at fraction number 12, represents plasmid DNA, which, in a supercoiled
form, is denser than the sheared chromosomal DNA centered at fraction
number 26.

Plasmid copy number is calculated using the following relationship:

cpm of plasmid peak chromosome MW

plasmid copy number = -
cpm of chromosome peak plasmid MW

L
Problem 6.3 An experiment to determine the copy number of a
6000 bp plasmid in E. coli is performed as described earlier. The major
plasmid-containing fraction is found to contain 25000 cpm. The
chromosomal peak fraction contains 220000 cpm. What is the plasmid
copy number?
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Solution 6.3

The first step in solving this problem is to calculate the molecular weights
of the plasmid and the E. coli chromosome. The plasmid is 6000 bp. The
E. coli chromosome is approximately 4.6 million bp in length. Their molec-
ular weights are calculated using the 660 daltons/bp conversion factor.

The molecular weight of the plasmid is

6000 bp X % = 3960000 daltons

p

The molecular weight of the E. coli chromosome is

4600000 bp X w = 3.0 X 10° daltons

P

These values can then be incorporated into the equation (preceding this
problem) for calculating copy number:

25000cpm 3.0 X107 daltons _ 7.5 10"

= = 86 plasmid copies
220000cpm  3.96 X 10° daltons 8.7 x 10" P P

6.3 LABELING DNA BY NICK TRANSLATION

Nick translation is a technique for radioactively labeling dsDNA, mak-
ing it suitable as a hybridization probe for detecting specific genomic
sequences. The endonuclease DNase I is used to create nicks in a DNA
probe fragment. Following DNase I treatment, DNA polymerase I is used
to add nt residues to the free 3'-hydroxyl ends created during the DNase
I nicking process. As the DNA polymerase I extends the 3’ ends, the 5’
to 3’ exonuclease activity of the enzyme removes bases from the 5'-phos-
phoryl terminus of the nick. The sequential addition of bases onto the 3’
end with the simultaneous removal of bases from the 5’ end of the down-
stream annealed strand results in translation of the nick along the DNA
molecule. When performed in the presence of a radioactive deoxynucleo-
side triphosphate (such as [a-3?P]dCTP), the newly synthesized strand
becomes labeled.

When measuring cpm by liquid scintillation, a blank sample should be
measured containing only scintillation fluid and a filter (if a filter is used
for spotting and counting of a labeling reaction). This sample is used to
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detect background cpm inherent in the scintillation fluid, the filter, and the
environment. The background cpm should be subtracted from any sample
taken from a labeling experiment.

6.3.1 Determining percent incorporation of
radioactive label from nick translation

To determine the percent of radioactive label incorporated into DNA by
nick translation, a sample is taken at some time after addition of the radio-
active dNTP but prior to DNA polymerase I treatment. This sample repre-
sents the total cpm in the reaction. Following the nick translation reaction,
another sample is withdrawn. Both samples are spotted onto filter discs.
The disc containing the sample representing the reaction after nick transla-
tion is treated with TCA to precipitate DNA fragments. The TCA treatment
precipitates polynucleotides onto the filter disc but allows unincorporated
radioactive dNTPs to pass through. The percent incorporation is then cal-
culated using the equation

cpm in TCA-precipitated sample

- X 100 = percent incorporation
cpm added to reaction

L
Problem 6.4 Oneg of bacteriophage X\ DNA is used for a nick
translation reaction. Twenty-five uCi of labeled [o-32P]dCTP is used in a
50pL reaction. Following treatment with DNA polymerase |, a 1L sample is
withdrawn and diluted into a total volume of 100 uL with TE buffer. Five uL
of this dilution are spotted onto a glass fiber filter disc to determine total
cpm in the reaction. Another 5L are used in a TCA-precipitation procedure
to determine the amount of radioisotope incorporation. The TCA-
precipitated sample is collected on a glass fiber filter disc and washed with
TCA and ethanol. Both filters are dried and counted by liquid scintillation.
The filter disc representing the total cpm gives 19000 cpm. The TCA-
precipitated sample gives 11600 cpm. What is the percent incorporation?

Solution 6.4
The percent incorporation is calculated using the formula described ear-
lier. The calculation goes as follows:

1.16 X 10* cpm

4 X 100 = 61% incorporation
1.9 X 10" cpm
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6.3.2 Calculating specific radioactivity of a nick
translation product

The specific radioactivity (or specific activity) of a labeled product is the
amount of isotope incorporated, measured as cpm, per quantity of nucleic
acid. Incorporation of isotope can be measured as TCA-precipitable cpm by
the procedure described earlier. Using TCA-precipitation to measure incor-
poration, specific radioactivity is calculated using the following formula:

cpm in TCA precipitate

cpm/pg DNA = X dilution factor

volume used to TCA precipitate

total reaction volume

total pg DNA in reaction

s
Problem 6.5 In Problem 6.4, 1.16 X 10*cpm were counted as TCA-
precipitable counts in a 5 pL sample taken from a 1/100 dilution of a 50 uL
nick translation reaction using 1 g of XA DNA. What is the specific activity
of the labeled product?

Solution 6.5

The incorporated radioactivity is represented by the TCA-precipitable
counts. The reaction was diluted 1/100 to obtain a sample (5uL) to TCA-
precipitate. The dilution factor is the inverse of the dilution. Placing these
values into the preceding equation yields

1.16 X 10* cpm cloopl 50l 5.8 X107 cpm
5uL TplL Tug DNA 519

=1.16 X 10’ cpm/pg

Therefore, the nick translation product has a specific activity of 1.16 X
107 cpm/pg.
|

64 RANDOM PRIMER LABELING OF DNA

An oligonucleotide six bases long is called a hexamer or hexanucleotide.
If synthesis of a hexamer is carried out in such a way that A, C, G, and
T nts have an equal probability of coupling at each base addition step, then
the resulting product will be a mixture of oligonucleotides having many
different random sequences. Such an oligonucleotide is called a random
hexamer. For any six contiguous nts on DNA derived from a biological
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source, there should be a hexamer within the random hexamer pool that will
be complementary. Under the proper conditions of temperature and salt, the
annealed hexamer can then serve as a primer for in vitro DNA synthesis.
By using a radioactively labeled dNTP (such as [a-3?P]dCTP) in the DNA
synthesis reaction, the synthesis products become radioactively labeled. The
labeled DNA can then be used as a probe to identify specific sequences by
any of a number of gene detection protocols using hybridization.

Several mathematical calculations are necessary to assess the quality of the
reaction, and these are outlined in the following sections.

6.4.1 Random primer labeling - percent incorporation

The percent incorporation for a random-primer-labeling experiment is deter-
mined in the same manner as that used in the nick translation procedure. It is
calculated by dividing the cpm incorporated into DNA (as TCA-precipitable
cpm) by the total cpm in the reaction and then multiplying this value by 100:

cpm incorporated into DNA

- - X100 = % incorporation
total cpm in reaction

L
Problem 6.6 In arandom-primer-labeling experiment, random
hexamers, 90 ng of denatured DNA template, DNA polymerase Klenow
enzyme, enzyme buffer, 100 1Ci [a-32P]dCTP (2000 Ci/mM), and a mixture of
the three nonisotopically labeled dNTPs (at molar excess to labeled dCTP)
are incubated in a 70l reaction at room temperature for 75 minutes to
allow DNA synthesis by extension of the annealed primers. The reaction is
terminated by heating. A 1L aliquot of the reaction is diluted into 99 L
of TE buffer. Five pL of this dilution are spotted onto a filter disc, dried, and
counted by liquid scintillation to measure total cpm in the reaction. Another
5pL of the 1/100 dilution are used in a TCA-precipitation procedure to
measure the amount of label incorporated into polynucleotides. The filter
disc used to measure total cpm gives 6.2 X 10*cpm. The TCA-precipitated
sample gives 5.1 X 10*cpm. What is the percent incorporation?

Solution 6.6
Using the formula for calculating percent incorporation given earlier, the
solution is calculated as follows:

5.1X 10% cpm

62 %10° X100 = 82% incorporation
. cpm

Therefore, the reaction achieved 82% incorporation of the labeled base.
|
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6.4.2 Random primer labeling - calculating
theoretical yield

Nick translation replaces existing DNA with radioactively labeled strands
with no net addition of DNA quantity. Random primer labeling, on the other
hand, actually results in the production of completely new and additional
DNA strands. To calculate theoretical yield, it is assumed that the reaction
achieves 100% incorporation of the labeled dNTP. In the random-primer-
labeling experiment, the unlabeled dNTPs are placed into the reaction in
molar excess to the labeled dNTP. The unlabeled dNTPs can be at a concen-
tration 10- to 100-fold higher than that of the radioactively labeled dNTP.

Theoretical yield is calculated using the following formula:

pCi dNTP added to reaction X 4 dNTPs X 330 g/mol

grams DNA = — — - dNTP
dNTP specific activity in pCi/mol

In this formula, all four dNTPs are assumed to have the same concentration
as that of the labeled dNTP, since it is the labeled dNTP that is in a limiting
amount.

In a typical random-primer-labeling experiment, nanogram amounts
of DNA are synthesized. The preceding equation can be converted to a
form that more readily yields an answer in nanograms of DNA. The aver-
age molecular weight of a nucleotide is 330 g/mole. This is equivalent to
330ng/nmole, as shown in the following equation:

330g  1X 10 ng o« lmol _ 330ng
mol g 1 X 10° nmol nmol

The specific activity of a radioactive dNTP, such as [a-*?P]dCTP, from
most suppliers, is expressed in units of Ci/mmol. This unit is equivalent to
pCi/nmol:

Ci % 1 X 10°uCi % mmol _ pCi
mmol Ci 1X10°nmol  nmol

Placing these new conversion factors into the equation for calculating theo-
retical yield gives

1Ci dNTP added X 4 dNTPs x S>0ng/nmol

ng DNA = ——_dNIP
dNTP specific activity in pCi/nmol
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s
Problem 6.7 In Problem 6.6, 100 .Ci of [a-32P]dCTP having a specific
activity of 2000 Ci/mmol was used in a random-primer-labeling
experiment. Assuming 100% efficient primer extension, what is the
theoretical yield?

Solution 6.7
As shown earlier, a dNTP-specific activity of 2000 Ci/mmol is equivalent to
2000 pCi/nmol. The equation for calculating yield is then as follows:

100 1Ci X 4 dNTPs x 330n9/nmol

ng DNA — dNTP
2000 pCi dNTP/nmol

_ 132000ng

= 66 ng DNA theoretical yield
2000

Therefore, in the random-primer-labeling experiment described in Problem
6.6, 66 ng of DNA should be synthesized if the reaction is 100% efficient.

643 Random primer labeling - calculating

actual yield
The actual yield of DNA synthesized by random primer labeling is cal-
culated by multiplying the theoretical yield by the percent incorporation
(expressed as a decimal):

theoretical yield X % incorporation = ng DNA synthesized

L
Problem 6.8 In Problem 6.6, it was calculated that the described
reaction achieved 82% incorporation of the labeled dNTP. In Problem 6.7,
it was calculated that the random-primer-labeling experiment described
in Problem 6.6 would theoretically yield 66 ng of newly synthesized DNA.
What is the actual yield?

Solution 6.8
The actual yield is obtained by multiplying the percent incorporation by
the theoretical yield. Expressed as a decimal, 82% (the percent incorpora-
tion) is 0.82. Using this value for calculating actual yield gives the follow-
ing equation:

0.82 X 66 ng DNA = 54.1ng DNA
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Therefore, under the conditions of the random-primer-labeling experi-
ment described in Problem 6.6, an actual yield of 54.1 ng of newly synthe-
sized DNA is obtained.

6.4.4 Random primer labeling - calculating
specific activity of the product
The specific activity of a DNA product generated by random primer label-

ing is expressed as cpm/pg DNA. It is calculated using the following
formula:

cpm incorporated % dilution % reaction
factor volume

0.001 g
ng

mL used to measure incorporation

= cpm/pg
(ng DNA actual yield + ng input DNA) X

s
Problem 6.9 Problem 6.6 describes a random-primer-labeling
experiment in which 90 ng of denatured template DNA are used in a 70 pL
reaction. To measure incorporation of the labeled dNTP, 5L of a 1/100
dilution taken from the 70 L reaction are TCA-precipitated on a filter and
counted. This 5L sample gives 5.1 X 10%*cpm. In Problem 6.8, an actual
yield of 54.1 ng of DNA was calculated for this labeling experiment. What
is the specific activity of the DNA synthesis product?

Solution 6.9

Substituting the given values into the preceding equation yields the fol-
lowing result. Note the use of the dilution factor when calculating the
cpm incorporated.

4
5.1X10 Cpmx100“'l'><70uL .
5pL Tul _ 7.1X10" cpm
0.001pg 0.144 g
ng

(54.1ng DNA + 90 ng DNA) X

= 4.9 X 108 cpm/pg DNA

Therefore, the newly synthesized DNA in this random-primer-labeling
experiment has a specific activity of 4.9 X 108 cpm/pg.
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6.5 LABELING 3' TERMINI WITH TERMINAL
TRANSFERASE

The enzyme terminal deoxynucleotidyl transferase adds mononucle-
otides onto 3’ hydroxyl termini of either ssDNA or dsDNA. The mono-
nucleotides are donated by a ANTP. The addition of each mononucleotide
releases inorganic phosphate. In a procedure referred to as homopoly-
meric tailing (or simply tailing), terminal transferase is used to add
a series of bases onto the 3’ end of a DNA fragment. The reaction can
also be manipulated so that only one mononucleotide is added onto the
3’ end. This is accomplished by supplying the reaction exclusively with
either dideoxynucleoside 5'-triphosphate (ddNTP) or cordycepin-5'-
triphosphate. Both of these analogs lack a free 3’ hydroxyl group. Once
one residue has been added, polymerization stops, since the added base
lacks the 3’ hydroxyl required for coupling of a subsequent mononucleo-
tide. By either approach, use of a labeled dNTP donor provides another
method of preparing a labeled probe suitable for use in gene detection
hybridization assays.

6.5.1 3’-end labeling with terminal transferase -
percent incorporation

As with the other labeling methods described in this chapter, TCA-
precipitation (described in Section 6.3.1) can be used to measure incor-
poration of a labeled dNTP. Percent incorporation is calculated using the
following equation:

cpm incorporated . .
cpm meorporated 100 = % incorporation

total cpm

L
Problem 6.10 A 3’-end-labeling experiment is performed in which
609 of DNA fragment, terminal transferase, buffer, and 100 pCi of
[a-32P] cordycepin-5'-triphosphate (2000 Ci/mmol) are combined
in a 50 pL reaction. The mixture is incubated at 37°C for 20 min and
stopped by heating at 72°C for 10 min. One pL of the reaction is diluted
into 99 uL of TE buffer. Five uL of this dilution are spotted onto a filter;
the filter is dried and then counted in a liquid scintillation counter.
This sample, representing total cpm, gives 90000 cpom. Another 5plL
of the 1/100 dilution are treated with TCA to measure the amount of
label incorporated into DNA. The filter from the TCA procedure gives
76500 cpm. What is the percent incorporation?
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Solution 6.10

The total cpm was measured to be 90000 cpm. By TCA-precipitation, it
was found that 76 500 cpm are incorporated into DNA. Using these values
and the equation shown earlier, the calculation goes as follows:

76 500 cpm

X 100 = 85% incorporation
90 000 cpm

Therefore, in this 3'-end-labeling experiment, 85% of the label was incor-
porated into DNA.

6.5.2 3’-end labeling with terminal transferase -
specific activity of the product

The specific activity of the 3’-end-labeled product, expressed as cpm/jug
DNA, is given by the equation

. total cpm dilution reaction
% incorp. X ——
pL used factor volume
to measure
total cpm

cpm/pg = , ,
pg of DNA fragment in reaction

L
Problem 6.11 In Problem 6.10, a 3’-end-labeling reaction is described
in which 60.g of DNA fragment are labeled with [a-32P] cordycepin-5'-
triphosphate in a 50 L reaction. A 1L aliquot of the reaction is diluted
1pL/100pL, and 5l are counted, giving 90000 cpm. In Problem 6.10, it
was shown that 85% of the radioactive label was incorporated into DNA.
What is the specific activity of the product?

Solution 6.11
Using the preceding equation yields
90000cpmx100uLX50ML ]
5uL Tul _ 7.65 X 10" cpm
60 ug DNA 60 ug DNA

0.85 X

=13x10° cpm/pg DNA

Therefore, the product of this 3’-end-labeling experiment has a specific
activity of 1.3 X 106cpm/pg.
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6.6 COMPLEMENTARY DNA (cDNA) SYNTHESIS

RNA is a fragile molecule and is easily degraded when released from a cell
during an extraction protocol. This can make the study of gene expression
a challenging task. One method to make the study of RNA more acces-
sible has been to copy RNA into DNA. Double-stranded DNA is far more
stable and amenable to manipulation by recombinant DNA techniques
than is RNA.

The retroviral enzyme reverse transcriptase has the unique ability to syn-
thesize a complementary DNA strand from an RNA template. DNA pro-
duced in this manner is termed ¢cDNA (for complementary DNA). Once
made, a DNA polymerase enzyme can be used in a second step to syn-
thesize a complete double-stranded cDNA molecule using the first cDNA
strand as a template. The cloning and sequencing of cDNAs have pro-
vided molecular biologists with valuable insights into gene structure and
function.

6.6.1 First strand cDNA synthesis

Since most eukaryotic mRNAs can be isolated having intact poly (A)
tails, an oligo(dT) primer designed to anneal to homopolymer tails can be
used to initiate synthesis of the first cDNA strand. When long RNA mol-
ecules are to be reverse transcribed, however, using random hexanucleotide
primers is a more favored approach. Other reaction components include
reverse transcriptase, a ribonuclease inhibitor, the four dNTPs, dithiothrei-
tol (a reducing agent), and a reaction buffer. RNA is usually added to the
reaction at a concentration of roughly 0.1 pg/pL. When all reaction com-
ponents have been combined, a small aliquot of the reaction is transferred
to a separate tube containing a small amount of [a-*?P]dCTP to monitor
first strand synthesis. The original reaction mixture (with no radioisotope)
is carried through synthesis of the second strand.

Incorporation of label into polynucleotide can be followed by TCA-
precipitation, as described previously for other labeling reactions (see
Section 6.3.1). Calculating percent incorporation of label is performed
as described previously in this chapter. The purpose of assessing the first
strand cDNA synthesis reaction is to determine the quantity of cDNA syn-
thesized and the efficiency with which mRNA was converted to cDNA.
These calculations require the following determinations:

a) The moles of ANTP per reaction, given by the equation

moles of dNTP/reaction =

molar concentration % reaction
of ANTP volume
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b) The percent incorporation of labeled dNTP, given by the equation

TCA precipitable cpm %

% incorporation = 100

total cpm

¢) Moles of ANTP incorporated into polynucleotide, given by the
equation
moles dNTP | _ moles ANTP % reaction v % incorporation
incorporated pL volume 100

d) Grams of first strand cDNA synthesized, given by the equation

g cDNA synthesized = moles dNTP incorporated X _ 330g

moles ANTP

e) The number of grams of first strand cDNA carried through to second
strand synthesis, given by the equation

first reaction volume after sample
g cDNA available for ] _ ftran d1x removed for labeling
second strand synthesis <DNA initial reaction volume

L
Problem 6.12 A first strand cDNA synthesis experiment is performed in
which 5pg of poly (A) mRNA is combined with reverse transcriptase, 2mM
each dNTP, and other necessary reagents in a total volume of 55 L. After
all components have been mixed, 5L of the reaction is transferred to a
different tube containing 0.5 L of [a-32P]dCTP (1000 Ci/mM; 10 pCi/pL).

In the small side reaction with the [o-32P]dCTP tracer, total com and
incorporation of label are measured by TCA-precipitation in the following
manner: Two L of the side reaction is diluted into 100 uL of TE buffer.

Five pL of this dilution is spotted onto a filter and counted (to measure
total cpm). Another 5L of the 2/100 dilution of the side reaction are
precipitated with TCA and counted. The sample prepared to measure total
cpm gives 220000 cpm. The TCA-precipitated sample gives 2000 cpm.

a) How much cDNA was synthesized in this reaction?
b) How much of the input mRNA was converted to cDNA?
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Solution 6.12(a)

This problem can be solved using the equations shown earlier. The first step
is to determine the concentration of dNTPs (expressed as nmol/pL). The reac-
tion contains 2mM dATP, 2mM dCTP, 2mM dGTP, and 2mM dTTP, or a total
dNTP concentration of 8mM. An 8mM dNTP concentration is equivalent to
8mmol/L. This can be converted to nmol/uL using the following relationship:

8 mmol dNTP % 1L % 1% 10% nmol _ 8nmol dNTP
L 1X 108 pL mmol pL

The percent incorporation of [a->2P]dCTP can be calculated using the data
provided:

2000 incorporated cpm
220000 total cpm

X 100 = 0.9% incorporation

The number of nanomoles of ANTP incorporated into cDNA can now be
calculated. To perform this step, the concentration of dNTPs in the reac-
tion (expressed in nmol dNTP/uL), the total volume of the reaction prior
to sample aliquoting into a separate tracer reaction, and the percent
incorporation (expressed as a decimal) are used as follows:

8 nmol dNTP

C X 55pL X 0.009 = 4 nmol dNTP incorporated
v

Using the number of nanomoles of dNTP incorporated into nucleic acid
and the average molecular weight of a dNTP (330g/mol), the amount of
cDNA synthesized can be calculated by multiplying these two values.
Conversion factors must be applied in this calculation, since we have
determined nanomoles of incorporated dNTP and the molecular weight of
a dNTP is given in terms of grams/mole. The calculation goes as follows:

9
3309dNTPX1><10 ng .. mol

4 nmol dNTP X 5
mol g 1X10” nmol

= 1320 ng cDNA

Therefore, in this reaction, 1320 ng of cDNA were synthesized.

Solution 6.12(b)

The percent mRNA converted to cDNA is calculated by dividing the amount
of cDNA synthesized by the amount of mRNA put into the reaction. The
quotient is then multiplied by 100 to give a percent value. In this example,
1320ng of cDNA were synthesized. Five g of mRNA were put into the reac-
tion. Since these nucleic acid quantities are expressed in different units,
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they first must be brought to equivalent units. Converting ug mRNA to ng
mRNA is performed as follows:

1000 ng
ng

5pg mRNA X = 5000 ng mRNA

Percent mRNA converted to cDNA can now be calculated:

1320 ng cDNA synthesized
5000 ng mRNA in reaction

X 100 = 26.4% mRNA converted to cDNA

Therefore, 26.4% of the mRNA put into the reaction was converted to cDNA.
|

s
Problem 6.13 How much of the cDNA synthesized in Problem 6.12 will
be carried into the second strand synthesis reaction?

Solution 6.13

In Problem 6.12, 5L of a 55pL reaction were removed to monitor incor-
poration of [a-32P]dCTP. Therefore, 50 uL of 55 L remained in the reaction.
Multiplying this ratio by the amount of cDNA synthesized (1320 ng) gives
the following result:

1320 ng X % = 1200 ng cDNA carried to second strand synthesis
v

L
Problem 6.14 For the cDNA synthesis reaction described in Problem
6.12, how many nanomoles of dNTP were incorporated into cDNA in the
main reaction?

Solution 6.14

In Problem 6.12, a total of 4nmol of dNTP was incorporated into nucleic
acid. Multiplying this amount by the volume fraction left in the main reac-
tion will give the number of nanomoles of dNTP incorporated into cDNA
that will be carried into the second strand synthesis reaction:

4 nmol dNTP incorporated X io—u:: = 3.6 nmol dNTP incorporated

S5p

Therefore, 3.6 nmol of ANTP were incorporated into cDNA in the main reaction.
|
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6.6.2 Second strand cDNA synthesis

Synthesis of the cDNA second strand can be accomplished by a number
of different methods. As a first step, the RNA in the RNA-—cDNA hybrid
formed during the first strand synthesis reaction can be removed by treatment
with RNase A. Priming of second strand synthesis can then be performed
using random primers, a gene-specific primer, or the hairpin loop structure
typically found at the 3'-end of the first strand cDNA. Alternatively, RNase
H can be used to nick the RNA strand of the RNA—cDNA hybrid molecule.
DNA polymerase then utilizes the nicked RNA as primer to replace the RNA
strand in a reaction similar to nick translation.

To perform second strand cDNA synthesis, the first strand reaction is diluted
directly into a new mixture carrying all the components necessary for success-
ful DNA replication. Typically, no new dNTPs are added. They are carried into
the second strand reaction from the first strand reaction. As with first strand
cDNA synthesis, a separate tracer reaction including [o-3?P]dCTP can be used
to monitor incorporation of ANTPs and formation of the DNA second strand.

Several calculations are used to determine the quality of second strand
cDNA synthesis:

a) Percent incorporation of label into the second strand is calculated using
the following formula:

TCA precipitable cpm

X 100 = % incorporation into second strand
total cpm

b) Nanomoles of ANTP incorporated into cDNA is given by the following
equation:

[nmol dNTP ]

incorporated
nmol dNTP
nmol reaction incorporated . .
- X % incorporation
dNTP/pL volume in first cDNA
strand

(In this equation, percent incorporation should be expressed as a decimal.)

¢) The amount of second strand cDNA synthesized (in ng) is given by the
following equation:

330 ng ANTP

ng second strand cDNA = nmol dNTP incorporated X |
nmo
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d) The percent of first strand cDNA converted to double-stranded cDNA
is given by the following equation:

% conversion to _ ng second strand cDNA
double-stranded cDNA ng first strand cDNA

X 100

s
Problem 6.15 The 50pL first strand cDNA synthesis reaction described
in Problem 6.12 is diluted into a 250 LL second strand synthesis reaction
containing all the necessary reagents. To prepare a tracer reaction, 10uL
of the 250 .L main reaction are transferred to a separate tube containing
5uCi [a->2P1dCTP. Following incubation of the reactions, 90 uL of an EDTA
solution is added to the tracer reaction. A heating step is used to stop
the reaction. Two plL of the 100 L tracer reaction is spotted on a filter and
counted. This sample gives 90000 cpm. Another 2 uL sample from the
diluted tracer reaction is treated with TCA to measure incorporation of
[a-32P]dCTP. This sample gives 720 cpm.

a) How many nanograms of second strand cDNA were synthesized?
b) What percentage of the first strand was converted into second strand
cDNA?

Solution 6.15(a)
The first step in solving this problem is to calculate the percent incorpora-
tion of [a-32P]dCTP:

720 TCA precipitable cpm
90 000 total cpm

X100 = 0.8% incorporation

The nanomoles of dNTP incorporated can now be calculated. The original
first strand cDNA synthesis reaction had a dNTP concentration of 8 nmol/uL
(see Solution 6.12a). The 50pL first strand main reaction was diluted into a
total volume of 250 L. Assuming no incorporation of dNTP in the first strand
reaction, the new dNTP concentration in the second strand reaction is

8nmol dNTP % 50puL _ 1.6nmol dNTP
pL 250 pL plL

The first strand of cDNA incorporated 3.6 nmol of dNTP in the main reac-
tion (Problem 6.14). Since this amount of dNTP is no longer available in
the second strand synthesis reaction for incorporation into nucleic acid, it
must be subtracted from the total dNTP concentration. Using the percent



6.7 Homopolymeric tailing 141

incorporation calculated earlier, the amount of dNTP incorporated can be
calculated from the following equation:

3.6 nmol dNTP
X 250 uL] — |incorporarated || X 0.008 =

[1 .6nmol
in first strand

pL

3.2nmol dNTP
incorporated

Therefore, 3.2 nmol of dNTP was incorporated into cDNA during synthesis
of the second strand.

The amount of cDNA produced during second strand synthesis can now
be calculated by multiplying the nanomoles of dNTP incorporated by the
average molecular weight of a dNTP (330 ng/nmol):

330ng
nmol

3.2nmol dNTP X = 1056 ng second strand cDNA

Therefore, 1056 ng of cDNA was synthesized in the second strand cDNA
synthesis reaction.

Solution 6.15(b)

In Problem 6.13, it was calculated that 1200 ng of cDNA synthesized in the
first strand synthesis reaction was carried into the second strand cDNA
synthesis reaction. The percent conversion of input nucleic acid to second
strand cDNA is calculated by dividing the amount of second strand cDNA
synthesized by the amount of first strand cDNA carried into the second
strand reaction and multiplying this value by 100:

1056 ng second strand cDNA %100 = 88% conversion
cDNA

1200 ng first strand cDNA to double

3 [stranded ]

Therefore, 88% of the input first strand cDNA was converted to double-
stranded cDNA in the second strand synthesis reaction.

6.7 HOMOPOLYMERICTAILING

Homopolymeric tailing (or simply tailing) is the process by which the
enzyme terminal transferase is used to add a series of residues (all of
the same base) onto the 3’ termini of dsDNA. It has found particular use
in facilitating the cloning of cDNA into plasmid cloning vectors. In this
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technique, a double-stranded cDNA fragment is tailed with a series of
either dC or dG residues onto the two 3’ termini. The vector into which the
cDNA fragment is to be cloned is tailed with the complementary base (dC
if dG was used to tail the cDNA or dG if dC was used to tail the cDNA).
By tailing the cDNA and the vector with complementary bases, effective
annealing between the two DNAs is promoted. Ligation of the cDNA frag-
ment to the vector is then more efficient:

It is possible to determine the number of residues that terminal transferase has
added onto a 3’ end by determining the number of picomoles of 3’ ends avail-
able as substrate and the concentration (in picomoles) of dG (or dC) incorpo-
rated into DNA. As to the first part, the number of picomoles of 3’ ends is
calculated by using the DNA substrate’s size in the following formula:

pg DNA substrate X ligﬁ "
moles 3’ ends = 1X10" pg X 1 X110~ pmol
p number of bp % 660 g/mol mol
molecule bp

% number of 3’ ends
molecule

L
Problem 6.16 If 2.5,.g of a 3200 bp plasmid cloning vector are cut once
with a restriction enzyme, how many picomoles of 3’ ends are available as
substrate for terminal transferase?

Solution 6.16
A plasmid is a circular dsDNA molecule. If it is cut with a restriction endo-
nuclease at one site, it will become linearized. As a linear molecule, it will
have two 3’ ends. The equation for calculating the number of 3’ ends (see
earlier) becomes

25ugDNAX 9 .
1X10°pg _ 1X10 pmoIX23’ends

3200 bp v 660 g/mol mol molecule
molecule bp

pmol 3’ ends =

_5X 10°® pmol 3’ ends
2.1x10°

= 2.4 pmol 3'ends

Therefore, 2.5.g of a linear DNA fragment 3200 bp in length is equivalent
to 2.4pmol of 3’ ends.
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To estimate the number of dG residues added onto a 3’ end of a DNA
fragment, it is necessary to have a radioactive molecule present in the
reaction that can be detected and quantitated. The molecule used to
monitor the progress of the reaction should be a substrate of the enzyme.
In a dG tailing protocol, therefore, tritiated dGTP (3H-dGTP) can serve this
purpose. The next step in calculating the number of residues added to a
3’ end is to calculate the specific activity of the dNTP. Specific activity can
be expressed as cpm/pmol dNTP. The general formula for calculating the
specific activity of tailed DNA is

total cpm in counted sample

cpm/pmol dNTP =
pmol dNTP

To perform this calculation, the number of picomoles of dNTP in the reac-
tion must be determined. Let's assume that the concentration of the starting
dNTP material, as supplied by the manufacturer, is expressed in a micro-
molar (uM) amount. The micromolar concentration of dNTP in the terminal
transferase tailing reaction mix is determined by the following formula:

(M concentration of dNTP stock) X (volume dNTP added)

pM dNTP = :
total reaction volume

L
Problem 6.17 A 3200bp vector is being tailed with dG residues using
dGTP and terminal transferase. The stock solution of dGTP being used
as substrate has a concentration of 200 pM. Four pL of this stock solution
are added to a 100 L reaction (final volume). What is the micromolar
concentration of dGTP in the reaction?

Solution 6.17
Using the equation just given yields the following relationship:

(200 pM) X (4 pL) _

pMdGTP =
100 pL

8uM

Therefore, dGTP in the reaction mix has a concentration of 8 pM.

The dGTP in the reaction is usually used in large molar excess to the 3H-
dGTP added. The added *H-dGTP, therefore, does not contribute significantly
to the overall dGTP concentration. When an aliquot of the radioactive dGTP
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is added to the terminal transferase tailing reaction, the total cpm can be
determined by spotting a small amount of the reaction mix on a filter, allow-
ing the filter to dry, and then counting by liquid scintillation. The number of
picomoles of dGTP spotted on the filter is given by the following equation:

% 10°
mmol dNTP % L ><1 10° pmol %

pmol dNTP = 5
L 1X10° pL pmol

pL spotted
on filter

It must be remembered that pM is equivalent to micromoles/liter (see
Chapter 2). This gives us the first term of this equation. For example, an
8 M solution of dGTP is equivalent to 8 umol dGTP/L.

L
Problem 6.18 The terminal transferase tailing reaction just described
has a dGTP concentration of 8 uM. Five uCi of 3H-dGTP are added to the
reaction as a reporter molecule. Two microliters of the reaction mix are
then spotted on a filter and counted by liquid scintillation to determine
total cpm in the reaction. How many picomoles of dGTP are on the filter?

Solution 6.18

The 3H-dGTP added to the reaction is such a small molar amount that it
does not significantly change the overall dGTP concentration of 8 M. The
earlier equation yields the following relationship:

8 umol L 1x 10° pmol
X X

pmol dGTP =
L 1X10° pL pmol

X 2pL = 16 pmol dGTP

Therefore, the 2L of reaction spotted on the filter to measure total cpm
contains 16 pmol of dGTP.

A specific activity can be calculated by measuring the cpm of the spotted
material and by use of the following formula:

spotted filter cpm

specific activity (in cpm/pmol) =
P y (in cpm/pmol) pmol of dNTP in spotted material

L
Problem 6.19 The 2L sample spotted on the filter (referred to in
Problem 6.18) was counted by liquid scintillation and gave 90000 cpm.
What is the specific activity, in com/pmol dNTP, of the spotted sample?
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Solution 6.19

In Problem 6.18, it was calculated that a 2 L sample of the tailing reaction
contains 16 pmol of dGTP. Placing this value in the preceding equation
gives the following relationship:

90 000 cpm

specific activity = ———
16 pmol dGTP

= 5625 cpm/pmol dGTP

Therefore, the tailing reaction has a specific activity of 5625 com/pmol dGTP.

Incorporation of label into a DNA strand can be determined by TCA-
precipitation. Knowing the specific activity of the tailing dNTP allows for the
determination of the total number of pmoles of base incorporated into a
homopolymeric tail. This calculation is done using the following formula:

TCA — precipitable cpm
total pmol dNTP | _ L used for TCA precipitation
incorporated specific activity of ANTP (in com/pmol dNTP)

X total pL in reaction

s
Problem 6.20 Following incubation with terminal transferase, 5L
of the reaction mixture is treated with TCA and ethanol to measure
incorporation of dGTP into polynucleotide. The filter from this assay
gives 14175 cpm by liquid scintillation. How many picomoles of dGTP
are incorporated into homopolymeric tails?

Solution 6.20

It was calculated in Problem 6.19 that the dGTP in the tailing reaction has
a specific activity of 5625 cpm/pmol. The reaction volume is 100 L. Placing
these values into the preceding equation yields the following relationship:

14175 TCA-precipitable cpm
S5pL
5625 cpm/pmol dGTP

X 100 pL
total pmol dGTP incorporated =

= 50.4 pmol dGTP

Therefore, a total of 50.4 picomoles of dGTP were incorporated into
homopolymeric tails in this reaction.
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The number of nt residues added per 3’ end can be calculated using the
following formula:

pmol dNTP incorporated
pmol 3’ ends

nucleotide residues/3’end =

It should be remembered that the term ‘picomoles’ represents a number, a
quantity. Picomoles of different molecules are related by Avogadro’s num-
ber (see Chapter 2). One mole of anything is equivalent to 6.023 X 10?3
units. One picomole of anything, therefore, consists of 6.023 X 10" units,
as shown here:

6.023 X 10%* molecules mole 6.023 X 10" molecules
mol 1X10"? pmol pmol

Let’s assume we find that 20pmol dGTP have been incorporated into
polynucleotides in a terminal transferase tailing reaction. Assume further
that there are 2 pmol 3’ ends onto which tails can be added. Twenty pico-
moles of dGTP is equivalent to 1.2 X 103 molecules of dGTP, as shown in
this equation:

6.023 X 10" dGTP molecules

X 20 pmol dGTP = 1.2 X 10" molecules dGTP
pmol dGTP

Two picomoles of 3’ ends is equivalent to 1.2 X 10'? 3’ ends:

6.023 X 10" 3’ ends

X 2pmol 3’ ends = 1.2 X 10'? 3’ ends
pmol 3’ ends

Whether the number of residues added to the available 3’ ends is calcu-
lated using picomoles or using molecules, the ratios are the same, in this

case 10:
dG residues added = 20 pmol dGTP incorporated _ 10
2pmol 3" ends
or
13 .
dG residues added = 1.2 X 10" molecules dGTP incorporated _ 10

1.2 X103’ ends

Keeping quantities expressed as picomoles saves a step.
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L
Problem 6.21 For the tailing reaction experiment described in this
section, how long are the dG tails?

Solution 6.2

In Problem 6.20, it was calculated that 50.4 pmol dGTP were incorporated
into tails. In Problem 6.16, it was calculated that the reaction contains
2.4pmol 3’ ends. Using these values in the equation for calculating homo-
polymeric tail length gives the following relationship:

50.4 pmol dGTP incorporated
2.4 pmol 3’ ends

dG tail length = = 21residues

Therefore, 21 dG residues are added onto each 3’ end.

6.8 IN VITRO TRANSCRIPTION

In vitro RNA transcripts are synthesized for use as hybridization probes, as
substrates for in vitro translation, and as antisense strands to inhibit gene
expression. To monitor the efficiency of RNA synthesis, labeled CTP or
UTP can be added to the reaction. Incorporation of labeled nt into RNA
strands is determined by the general procedure of TCA-precipitation, as
described in Section 6.3.1. Percent incorporation can then be calculated by
the following formula:

TCA precipitable cpm

% incorporation = X100

total cpm

Other calculations for the determination of quantity of RNA synthesized
and the specific activity of the RNA product are similar to those described
previously in this section and are demonstrated by the following problems.

|
Problem 6.22 Five hundredpCi of [a-3*SJUTP (1500 Ci/mM) are
added to a 20 L in vitro transcription reaction containing 500 uM each
of ATP, GTP, and CTP, 20 units of T7 RNA polymerase, and 1 g of DNA.
Following incubation of the reaction, 1l is diluted into a total volume
of 100 pL TE buffer. Five L of this dilution are spotted onto a filter and
counted to determine total com. Another 5pL sample of the dilution is
precipitated with TCA and counted to determine incorporation of label.
The sample prepared to determine total cpm gives 1.1 X 10°cpm. The
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TCA-precipitated sample gives 7.7 X 10° cpm. The RNA synthesized in this
reaction is purified free of unincorporated label prior to use.

a) How much RNA is synthesized?

b) What is its specific activity?

Solution 6.22(a)
The first step in solving this problem is to calculate the percent of labeled
nt incorporated. This is done as follows:

7.7 X 10° TCA-precipitated com
1.1X 10° total cpm

X 100 = 70% incorporation of label

Therefore, 70% of the [a-3*>S]UTP is incorporated into RNA.

The reaction contained 500 .Ci of [a-3*S]UTP having a specific activity of
1500 Ci/mmole. This information can be used to calculate the number of
nanomoles of [a->>S]JUTP added to the reaction, as follows:

- 6
500 pCifa-SsuTp x oMol o G 1XA0Tamol _ 5o uTe

1500Ci 1Xx10° uCi mmol

Therefore, the reaction contains 0.3 nmol UTP.

Since 70% of the UTP is incorporated into RNA, the number of nanomoles
of UTP incorporated into RNA is given by the following equation:

0.3nmol UTP X 0.7 = 0.2 nmol UTP incorporated

Therefore, 0.2 nmol of UTP are incorporated into RNA.

Assuming that there are equal numbers of As, Cs, Gs, and Us in the RNA
transcript, then 0.2nmol (as just calculated) represents 25% of the bases
incorporated. Therefore, to calculate the total number of nanomoles of
NTP incorporated, 0.2 nmol should be multiplied by 4.

0.2nM X 4 nucleotides = 0.8 nM nucleotide incorporated

Using the average molecular weight of a nucleotide (330ng/nmol), the
amount of RNA synthesized can be calculated as follows:

330ng

0.8 nmol NTP X —————
nmol NTP

= 264 ng RNA sythesized

Therefore, 264 ng of RNA is synthesized in the in vitro transcription reaction.
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Solution 6.22(b)

Specific activity is expressed in cpm/pg RNA. In part (a) of this problem, it
was determined that a total of 264 ng of RNA are synthesized. To determine
a specific activity, the number of cpm incorporated for the entire reaction
must be calculated. A 1L sample of the reaction is diluted 1uL/100pL,
and then 5uL of this dilution is used to measure TCA-precipitable
cpm. The TCA-precipitated sample gives 7.7 X 10°cpm. To calculate the
incorporated cpm in the actual reaction, 7.7 X 10° cpm must be multi-
plied by both the dilution factor (100 uL/1 pL) and the reaction volume:

7.7 X10° cpm o ToopL

X 20l = 3.1% 108 cpm
5uL TuL " P

Therefore, there are a total of 3.1 X 108cpm incorporated in the in vitro
transcription reaction. Dividing this value by the total RNA synthesized and
multiplying by a conversion factor to bring ng to pg gives the following
equation:

3.1% 108 cpm , 1000ng _ 1.2 10° cpm
264 ng RNA ng nug RNA

Therefore, the RNA synthesized in this reaction has a specific activity of
1.2 X 10°cpm/jg RNA.

B CHAPTER SUMMARY

Nucleic acids can be labeled with radioisotopes as a means to monitor
their synthesis, location, and relative amount. The basic unit of radioactive
decay is the curie (Ci), defined as that amount of radioactive material that
generates 2.22 X 10'? disintegrations per minute (dpm). The disintegra-
tions of radioactive material detected by an instrument are referred to as
counts per minute (cpm).

Plasmid copy number can be estimated by growing the plasmid-carrying
strain of bacteria in the presence of a nt labeled with [*H]. The plasmid
DNA is fractionated away from the bacterium’s chromosomal DNA by a
cesium chloride gradient in the presence of ethidium bromide. The plasmid
copy number is then calculated as

cpm of plasmid peak % chromosome MW

plasmid copy number = -
cpm of chromosome peak plasmid MW
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In any type of DNA synthesis reaction where nts are incorporated into a
chain, whether by nick translation, random primer labeling, or end labe-
ling using terminal transferase, the cpm incorporated into DNA strands can
be assessed by collecting TCA-precipitable material on a glass fiber filter
and comparing it to the total cpm (a non-TCA-precipitated sample col-
lected on a separate filter). The percent label incorporated into DNA is then
calculated as

cpm incorporated into DNA %

% incorporation = 100

total cpm in reaction

The specific radioactivity (the cpm per weight of nucleic acid) of a nick
translation product is calculated as

cpm in TCA precipitate

cpm/pg DNA = X dilution factor

volume used to TCA precipitate

total reaction volume

total pg DNA in reaction

DNA can be radioactively labeled by extending short, random sequence
oligonucleotides with DNA polymerase. The theoretical yield of a random
primer labeling experiment is calculated as

pCi dNTP added to reaction X 4 dNTPs X 330 g/mol

grams DNA = — — - dNTP
dNTP specific activity in uCi/mol

The actual yield in a random primer labeling experiment is calculated as

ng DNA synthesized = theoretical yield X % incorporation

The specific radioactivity of a product labeled by random priming is
calculated at

cpm incorporated % dilution % reaction
_ mL used to measure incorporation | factor volume
cpm/pg =
0.001 pg

(ng DNA actual yield + ng input DNA) X
ng
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DNA can be labeled at its 3’ end using the enzyme terminal transferase.
The specific radioactivity of a 3’-end labeled product can be calculated as

% incorp. X

total cpm [dilution ] [reaction ]
X X

pL used to measure total cpm | factor volume

cpm/pg = 3 -
ug of DNA fragment in reaction

The synthesis of cDNA can be monitored by side reactions having all the
components of the main cDNA reaction but with the addition of a radioac-
tive tracer. The number of moles of ANTP incorporated into the first cDNA
strand can be calculated as

. les ANTP i i ti
moles dNTP incorporated — O d y [reactlon ] »« % incorporation

uL 100

volume

The amount of first strand cDNA synthesized can be calculated as

330g

g cDNA synthesized = moles dNTP incorporated X —————
moles dANTP

The amount of first strand cDNA carried into the second strand synthesis
reaction is calculated as

g cDNA available
for second strand | = g first strand cDNA
synthesis

% reaction volume after sample removed for labeling

initial reaction volume

The quality of the second strand cDNA synthesis reaction can be assessed
at several levels. The amount of dNTP incorporated into cDNA is
calculated as

nmol dNTP
incorporated

nmol % reaction| (nmol dNTP incorporated
dNTP/pL volume in first cDNA strand

X % incorporation

The amount of second strand cDNA synthesized is given by the equation

330 ng ANTP

ng second strand cDNA = nmol dNTP incorporated X |
nmo
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The amount of first stand cDNA converted to double-stranded cDNA can
be calculated as

ng second strand cDNA
ng first strand cDNA

X100

% conversion to double-stranded cDNA =

Terminal transferase can be used to add a string of a single nt onto the 3’
end of a DNA strand (in a process called tailing). The number of pico-
moles of 3’ ends available for tailing is given by the equation

pg DNA substrate X ligé b
moles 3’ ends = 1 X 10" pg % 1 X10™ pmol
p number of bp % 660 g/mol mol
molecule bp

% number of 3’ ends
molecule

The specific activity of tailed DNA is calculated as

total cpm in counted sample
pmol dNTP

cpm/pmol dNTP =

The concentration of ANTP in the tailing reaction (needed to calculate spe-
cific activity) is determined as

(1M concentration of dANTP stock) X (volume dNTP added)

pM dNTP = -
total reaction volume

Assessing the quality of the tailing reaction requires knowing the number
of picomoles of deoxynucleotide spotted on the filter used to obtain incor-
porated cpm. It is calculated as

pmol dNTP =

mmoldNTP L 1X 10® pmol  [HL spotted
L 1X10° uL pmol on filter

The specific activity of the tailed product is then

spotted filter cpm

specific activity (in cpm/pmol) =
P y (in cpm/pmol) pmol of dNTP in spotted material
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The amount of label incorporated in the tailing reaction is calculated as

TCA — precipitable cpm
total pmol dNTP | _ L used for TCA precipitation
incorporated specific activity of ANTP (in cpm/pmol dNTP)

X total pL in reaction

The number of nt residues incorporated into a tail by the terminal trans-
ferase reaction is calculated as

nucleotide residues/3’end = pmol dNTP incorporated

pmol 3’ ends

Radioactive labeling can also be used to monitor in vitro transcription.
Knowing how much radioactive material is placed into the reaction (as
a labeled RNA base) and knowing the specific activity of that material
(in Ci/mmol) allows the calculation of the amount of RNA synthesized in
TCA-precipitable cpm.
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Oligonucleotide synthesis

B INTRODUCTION

Oligonucleotides (oligos), short single-stranded nucleic acids, are used
for a number of applications in molecular biology and biotechnology.
Oligonucleotides are used as primers for DNA sequencing and PCRs, as probes
for hybridization assays in gene detection, as building blocks for the construc-
tion of synthetic genes, and as antisense molecules for the control of gene
expression. With such a central role in these applications as well as in many
others, it is understandable that many laboratories have acquired the instru-
mentation for and capability of synthesizing oligonucleotides for their own
purposes. It is just as understandable that an entire industry has flourished to
provide custom oligos to the general academic and biotechnology marketplace.

A number of methods have been described for the chemical synthesis of
nucleic acids. However, almost all DNA synthesis instruments available
commercially are designed to support the phosphoramidite method. In this
chemistry, a phosphoramidite (a nucleoside with side protecting groups that
preserve the integrity of the sugar, the phosphodiester linkage, and the base
during chain extension steps) is coupled through its reactive 3’ phosphorous
group to the 5’ hydroxyl group of a nucleoside immobilized on a solid sup-
port column. The steps of oligonucleotide synthesis include the following:
(1) Detritylation, in which the dimethoxytrityl (DMT or ‘trityl’) group
on the 5’ hydroxyl of the support nucleoside is removed by treatment with
TCA. (2) In the coupling step, a phosphoramidite, made reactive by tetra-
zole (a weak acid), is chemically coupled to the last base added to the col-
umn support material. (3) In the capping step, any free 5’ hydroxyl groups
of unreacted column nts are acetylated by treatment with acetic anhydride
and N-methylimidazole. (4) In the final step, called oxidation, the unstable
internucleotide phosphite linkage between the previously coupled base and
the most recently added base is oxidized by treatment with iodine and water
to a more stable phosphotriester linkage. Following coupling of all bases in
the oligonucleotide’s sequence, the completed nucleic acid chain is cleaved
from the column by treatment with ammonium hydroxide, and the base pro-
tecting groups are removed by heating in the ammonium hydroxide solution.

Calculations for Molecular Biology and Biotechnology. DOI: 10.1016/B978-0-12-375690-9.00007-3
© 2010 Elsevier Inc. All rights reserved.
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7.1 SYNTHESIS YIELD

Nucleic acid synthesis columns come in several scales, which are functions
of the amount of the 3’ nucleoside coupled to the support material. Popular
column sizes range from 40nmol to 10pmol. Popular support materials
include controlled-pore glass (CPG) and polystyrene. The CPG columns
are typically supplied having pore sizes of either 500 or 1000A. The
scale of column used for a synthesis depends on both the quantity and the
length of oligonucleotide desired. The greater the amount of 3" nucleoside
attached to the column support, the greater the yield of oligo. Polystyrene
or large-pore CPG columns are recommended for oligonucleotides greater
than 50bases in length.

A 0.2pmol CPG column contains 0.2pumol of starting 3" base. If the second
base in the synthesis is coupled with 100% efficiency, then 0.2pmol of that
second base will couple, for a total of 0.4pmol of base now on the column
(0.2pmol 3’ base + 0.2umol coupled base = 0.4umol of bases). The number
of micromoles of an oligonucleotide synthesized on a column, therefore, can be
calculated by multiplying the length of the oligonucleotide by the column scale.

L
Problem 7.1 An oligo 22 nts in length (a 22-mer) is synthesized on
a 0.2pmol column. Assuming 100% synthesis efficiency, how many
micromoles of oligo are made?

Solution 7.1
Multiplying the column scale by the length of the oligo yields the follow-
ing equation:

0.2 pmol

22 base additions X —————
base addition

= 4.4 pmol

Therefore, assuming 100% coupling efficiency, 4.4pmol of oligo are
synthesized.

If bases are coupled at 100% efficiency, then a theoretical yield for a synthesis
can be determined by using the following relationship: 1pmol of DNA oligo-
nucleotide contains about 100D units per base. (An OD unit is the amount
of oligonucleotide dissolved in 1.0mL, which gives an A, of 1.00 in a cuvette
with a 1cm-length light path.) The theoretical yield of crude oligonucleotide
is calculated by multiplying the synthesis scale by the oligo length and then
multiplying the product by 10, as shown in the following problem.
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s
Problem 7.2 A 22-mer is synthesized on a 0.2 pmol-scale column. What
is the maximum theoretical yield of crude oligo in OD units?

Solution 7.2
The theoretical maximum yield of crude oligo is given by the following
equation:

0.2umol base % 100D units
base addition ~ umol base

22 base additions X

= 44 0D units

Therefore, 44 OD units of crude oligonucleotide will be synthesized.

Nucleic acid synthesis chemistry, however, is not 100% efficient. No instru-
ment, no matter how well engineered or how pure the reagents it uses,
can make oligonucleotides at the theoretical yield. The actual expected
yield of synthesis product will be less. Table 7.1 lists the yield of crude oli-
gonucleotide that can be expected from several different columns when
synthesis is optimized.

Table 7.1 The approximate yield, in OD units, of oligonucleotide
per base for each of the common synthesis scales.

Synthesis Scale OD Units/Base
40 nmol 0.25—-0.5

0.2 pmol 1.0-1.5

1pmol 5

10 pmol 40

s
Problem 7.3 A 22-mer is synthesized on a 0.2 pmol-scale column.
Assuming that synthesis is optimized, how many OD units can be expected?

Solution 7.3
Using the OD units/base value in Table 7.1 for the 0.2 umol-scale column
yields the following equations:

22 bases X M = 220D units
base



158 CHAPTER7 Oligonucleotide synthesis

22 bases X 1.5 0D units _ 330D units
base

Therefore, this synthesis should produce between 22 and 33 OD units of
oligonucleotide.

7.2 MEASURING STEPWISE AND OVERALL
YIELD BY THE DIMETHOXYTRITYL (DMT)
CATION ASSAY

Overall yield is the amount of full-length product synthesized. In contrast,
stepwise yield is a measure of the percentage of the nucleic acid molecules
on the synthesis column that couple at each base addition. If the reagents
and the DNA synthesizer are performing optimally, 98% stepwise yield
can be expected. For such a synthesis, the 2% of molecules that do not par-
ticipate in a coupling reaction will be capped and will be unavailable for
reaction in any subsequent cycle. Since, at each cycle, 2% fewer molecules
can react with phosphoramidite, the longer the oligo being synthesized, the
lower the overall yield.

The trityl group protects the 5’ hydroxyl on the ribose sugar of the most
recently added base, preventing it from participating in unwanted side
reactions. Prior to addition of the next base, the trityl group is removed
by treatment with TCA. Detritylation renders the 5" hydroxyl available for
reaction with the next phosphoramidite. When removed under acidic con-
ditions, the trityl group has a characteristic bright orange color. A fraction
collector can be configured to the instrument to collect each trityl fraction
as it is washed from the synthesis column during the detritylation step. The
fractions can then be diluted with p-toluene sulfonic acid monohydrate in
acetonitrile and assayed for absorbance at 498 nm. (For accuracy, further
dilutions may be necessary to keep readings between 0.1 and 1.0 — within
the range of linear absorbance.)

For the following calculations, the first trityl fraction, that generated from
the column 3’ base, should not be used since it can give a variable read-
ing depending on the integrity of the trityl group on the support base.
Spontaneous detritylation of the column base can occur prior to synthe-
sis, resulting in a low absorbance for the first fraction. Including this frac-
tion in the calculation for overall yield would result in an overestimation
of product yield.
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7.2.1 Overallyield

Overall yield, the measure of the total product synthesized, is given by the
formula

trityl absorbance of last base added

overall yield = X100

trityl absorbance of first base added

s
Problem 7.4 An 18-mer is synthesized on a 0.2 umol column. Assay of
the trityl fractions gave the following absorbance values at 498 nm. What
is the overall yield?

Number Base Absorbance
1 Column C 0.524
2 G 0.558
3 T 0.541
4 A 0.538
5 A 0.527
6 C 0.515
7 T 0.505
8 G 0.493
9 G 0.485

10 C 0.474

1 A 0.468

12 T 0.461

13 T 0.452

14 T 0.439

15 C 0.427

16 G 0.412

17 A 0.392

18 A 0.379

Solution 7.4
Using the equation for overall yield gives

37
overall yield = 2372 %100 = 68%
0.558

Therefore, 68% of the starting column base is made into full-length
product; the overall yield is 68%.
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7.2.2 Stepwise yield
Stepwise yield, the percent of molecules coupled at each single base addi-
tion, is calculated by the formula

stepwise yield = (overall yield)"*"?""e*

The number of couplings is represented by the number of trityl frac-
tions spanned to calculate the overall yield minus one. (One is subtracted
because the trityl fraction from the first base coupled to the column base
can be an unreliable indicator of actual coupling efficiency at that step.) An
efficient synthesis will have a stepwise yield of 98 = 0.5%.

A low stepwise yield can indicate reagent problems, either in their quality
or in their delivery. Even if a high stepwise yield is obtained, however, the
product may still not be of desired quality because some synthesis failures
are not detectable by the trityl assay.

L
Problem 7.5 What is the stepwise yield for the synthesis described in
Problem 7.4?

Solution 7.5

In Problem 7.4, an overall yield of 68% is obtained. A total of 17 trityl frac-
tions span the absorbance values used to calculate the overall yield. Using
the equation for stepwise yield gives

stepwise yield = 0.68"7"" = 0.68""° = 0.68°% = 0.98

(0.68%% is obtained on a calculator by entering ., 6, 8, x?, ., 0, 6, and =.)
Stepwise yield is usually expressed as a percent value:

0.98 X 100 = 98%

Therefore, the stepwise yield is 98%.

Assuming a stepwise yield of 98%, it is possible to calculate the overall
yield for any length of oligonucleotide by using the formula

overall yield = 0.9g(numberofbases=1) 5 100
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L
Problem 7.6 Fresh reagents are used to synthesize a 25-mer. Assuming
98% stepwise yield, what overall yield can be expected?

Solution 7.6
The relationship just shown above yields the following equation:

overall yield = 0.98%7" x 100 = 0.98% X 100 = 0.62 X 100 = 62%

(0.98%* is obtained on a calculator by entering ., 9, 8,xY, 2, 4, and =)

Therefore, an overall yield of 62% can be expected.

L
Problem 7.7 Assuming a stepwise yield of 95%, what overall yield can
be expected for the synthesis of a 25-mer?

Solution 7.7
Using the same relationship gives

overall yield = 0.95%7" X 100 = 0.95%* X 100 = 0.29 X 100 = 29%

Therefore, an overall yield of 29% can be expected for a 25-mer when the
stepwise yield is 95%.

(Notice that a drop in stepwise yield from 98% (Problem 7.6) to 95%
(Problem 7.7) results in a dramatic drop in overall yield from 62% to 29%.
An instrument and reagents of highest quality are essential to obtaining
optimal synthesis of product.)

7.3 CALCULATING MICROMOLES OF
NUCLEOSIDE ADDED AT EACH
BASE ADDITION STEP

Trityl fraction assays can be used not only to estimate stepwise and over-
all yields but also to determine the number of micromoles of nucleoside
added to the oligonucleotide chain at any coupling step. The number of
micromoles of DMT cation released and the number of micromoles of
nucleoside added are equivalent. Micromoles of DMT can be calculated by
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dividing a trityl fraction’s absorbance at 498 by the extinction coefficient
of DMT according to the formula

umol DMT = Ayo3 X volume X dilution factor

e

where A9z is the absorbance of the trityl fraction at 498 nm, volume is the
final volume of the diluted DMT used for the A,qg reading, dilution factor is
the inverse of the dilution (if one is used) of the trityl fraction into a second
tube of 0.1 M toluene sulfonic acid in acetonitrile, and ¢ = 70 mL/umol, the
extinction coefficient of the DMT cation at 498 nm.

L
Problem 7.8 A trityl fraction from a 0.2 umol synthesis is brought up
to 10 mL with 0.1 M toluene sulfonic acid monohydrate in acetonitrile,
and the absorbance is read at 498 nm. A reading of 0.45 is obtained. How
many micromoles of nucleoside couple at that step?

Solution 7.8

The trityl fraction is brought up to a volume of 10mL and this volume
is used to measure absorbance. No dilution into a second tube is used.
Using the earlier formula yields

045X 10mL

pmol DMT = =
70mL/pmol

0.06

Therefore, since micromoles of DMT are equivalent to micromoles of
nucleoside added, 0.06 pmol of nucleoside are added at the coupling step
represented by this trityl fraction.

B CHAPTER SUMMARY

Oligonucleotides (oligos) are synthetic, short, ssDNA molecules used as
probes, primers, or as the building blocks for longer DNA strands. The
most popular type of chemistry for making oligonucleotides uses the phos-
phoramidite method, in which building of the nt chain starts on a column
carrying the first 3’ base. Assuming 100% synthesis efficiency, the amount
of oligo synthesized on a column is related to the amount of 3’ base
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originally loaded on the column and the length of the oligo being synthe-
sized. It is given by the expression

column size (in pmol)

pmol oligo = base additions X —
base addition

The maximum theoretical yield of oligonucleotide (in OD units), assuming
100% coupling efficiency at each base, is given by the following expression:

OD units = base additions X jumol column size X 10 OD units

base addition pmol base
Overall synthesis yield is calculated as

trityl absorbance of last base added % 100

overall yield = — -
trityl absorbance of first base added

Stepwise yield, the percent of molecules coupled at each base addition, is
calculated as
stepwise yield = (overall yield)"*"P

When the stepwise yield is less than 100%, the overall yield can be calcu-
lated as

overall yield = stepwise yield i€ =1 5 100
The number of M of nt added at each addition step is calculated as

A,og X volume X dilution factor

pmol DMT =
e

where Agg is the absorbance of the trityl fraction at 498 nm, volume is the
final volume of the diluted DMT used for the A495 reading, dilution factor is
the inverse of the dilution (if one is used) of the trityl fraction into a second
tube of 0.1 M toluene sulfonic acid in acetonitrile, and ¢ = 70 mL/umol, the
extinction coefficient of the DMT cation at 498 nm.
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Chapter ‘

The polymerase chain reaction (PCR)

B INTRODUCTION

The polymerase chain reaction (PCR) is a method for the amplification
of a specific segment of nucleic acid®. A typical PCR contains a template
nucleic acid (DNA or RNA), a thermally stable DNA polymerase, the four
deoxynucleoside triphosphates (ANTPs), magnesium, oligonucleotide prim-
ers, and a buffer. Three steps are involved in the amplification process: (1)
In a denaturation step, the template nucleic acid is made single-stranded
by exposure to an elevated temperature (92-98°C). (2) The temperature
of the reaction is then brought to between 65°C and 72°C in an anneal-
ing step, by which the two primers attach to opposite strands of the dena-
tured template such that their 3’ ends are directed toward each other. (3) In
the final step, called extension, a thermally stable DNA polymerase adds
dNTPs onto the 3’ ends of the two annealed primers such that strand rep-
lication occurs across the area between and including the primer annealing
sites. These steps make up one cycle and are repeated over and over again
for, depending on the specific application, from 25 to 40 times.

A very powerful technique, PCR has found use in a wide range of applica-
tions. To cite only a few, it is used to examine biological evidence in foren-
sic cases, to identify contaminating microorganisms in food, to diagnose
genetic diseases, and to map genes to specific chromosome segments.

8.1 TEMPLATE AND AMPLIFICATION

One of the reasons the PCR technique has found such wide use is that only
very little starting template DNA is required for amplification. In forensic
applications, for example, a result can be obtained from the DNA recov-
ered from a single hair or from residual saliva on a licked envelope. Typical
PCRs performed in forensic analysis use from only 0.5 to 10ng of DNA.

2The PCR process is covered by patents owned by Roche Molecular Systems, Inc. and
F. Hoffman-La Roche Ltd.

Calculations for Molecular Biology and Biotechnology. DOI: 10.1016/B978-0-12-375690-9.00008-5
© 2010 Elsevier Inc. All rights reserved.
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s
Problem 8.1 Twenty nanograms of human genomic DNA are needed
for a PCR. The template stock has a concentration of 0.2 mg DNA/mL. How
many microliters of the stock solution should be used?

Solution 8.1
Conversion factors are used to bring mg and mL quantities to ng and plL
quantities, respectively. The equation can be written as follows:

02mgDNA _ 1mL 1% 10%ng
mL 1x10% uL mg

X xpL = 20ngDNA

By writing the equation in this manner, terms cancel so that the equa-
tion reduces to ng = ng. Multiplying and solving for x yields the following
relationship:

(2 X 10° ngDNA) (x)
1x10°

= 20ngDNA Numerator values are multi-
plied together, as are denomi-
nator values.
(2X10° ngDNA) (x) = 2X10*ngDNA  Multiply both sides of the
equation by 1 X 10°,
‘= 2x10*ngDNA _

< 0.1 Divide both sides of the equa-
2 X 10° ngDNA

tion by 2 X 10°ng =DNA.

Therefore, 0.1l of the 0.2mg/mL human genomic DNA stock will con-
tain 20ng of DNA. It is often the case that a calculation is performed,
such as this one, that derives an amount that cannot be measured accu-
rately with standard laboratory equipment. Most laboratory pipettors
cannot deliver 0.1pL with acceptable accuracy. A dilution of the stock,
therefore, should be performed to accommodate the accuracy limits of
the available pipettors. Most laboratories have pipettors that can deliver
2pL accurately. We can ask the question, ‘into what volume can 2plL
of the stock solution be diluted such that 2uL of the new dilution will
deliver 20ng of DNA?’ The equation for this calculation is then written
as follows:

: x 10°
02ngNA>< 1ml_ ><1 10 ngXZHLXZHL:ZOngDNA
mL 1X 107 pL mg X pL
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8 X 10° ngDNA

= 20ngDNA Cancel terms and multipl
(1% 10%)(x) J Py

numerator values and denomina-
tor values.

X 5
8X10°ngDNA _ (20ngDNA)x Multiply both sides of the equa-

3
1X10 tion by x and solve for x.

800ng DNA = (20ng DNA)x Simplify the equation.

% =x =40 Divide each side of the equation
ng by 20ng DNA.

Therefore, if 2L of the DNA stock is diluted into a total volume of 40uL
(2pL DNA stock + 38pL water), then 2pL of that dilution will contain
20ng of template DNA.

8.2 EXPONENTIAL AMPLIFICATION

During the PCR process, the product of one cycle serves as template in
the next cycle. This characteristic is responsible for PCR’s ability to
amplify a single molecule into millions. PCR is an exponential process.
Amplification of template progresses at a rate of 2", where 7 is equal to the
number of cycles. The products of PCR are termed amplicons. The DNA
segment amplified is called the target.

L
Problem 8.2 A single molecule of DNA is amplified by PCR for 25 cycles.
Theoretically, how many molecules of amplicon will be produced?

Solution 8.2
Using the relationship of overall amplification as equal to 2", where n is, in
this case, 25, gives the following result:

overall amplification = 2%° = 33554432

Therefore, over 33 million amplicons will be produced.
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s
Problem 8.3 Beginning with 600 template DNA molecules, after
25 cycles of PCR, how many amplicons will be produced?

Solution 8.3
Since each template can enter into the PCR amplification process, 2%
should be multiplied by 600:

overall amplification = 600 X 2% = 2 X 10'° molecules

Therefore, the amplification of 600 target molecules in a PCR run for 25 cycles
should theoretically produce 2 X 10'° molecules of amplified product.

L
Problem 8.4 If the PCR cited in Problem 8.2 is performed as a 100 L
reaction, how many molecules of amplified product will be present
in 0.001pL?

Solution 8.4
A ratio can be set up that is read ‘2 X 10'® amplicons is to 100uL as x
amplicons is to 0.001 pL!

2% 10" amplicons _ xamplicons
100 pL 0.001pL

(2 X 10" amplicons)(0.001 L)
100 pL

= x amplicons

x = 2 X 10° amplicons

Therefore, 2 X 10° amplicons are present in 0.001 pL.
|

A note on contamination control: As shown in Problem 8.4, very small
quantities of a PCR can contain large amounts of product. Laboratories
engaged in the use of PCR, therefore, must take special precautions to
avoid contamination of a new reaction with product from a previous one.
Even quantities of PCR product present in an aerosol formed during
the opening of a reaction tube are enough to overwhelm a new reaction.
Contamination of a workspace by amplified product is of particular con-
cern in facilities that amplify the same locus (or loci) over and over again,
as is the case in forensic and paternity testing laboratories.
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s
Problem 8.5 One hundred nanograms of a 242 bp fragment is
produced in a PCR. Two nanograms of human genomic DNA are used as
starting template. What amount of amplification occurs?

Solution 8.5

The first step in solving this problem is to determine how many copies are
represented by a particular amount of DNA (in this case, 2ng of human
genomic DNA). Assume that the target sequence is present in only one
copy in the genome. Although there would be two copies of the target
sequence in all human cells (except egg, sperm, or red blood cells), there
would be one copy in the haploid human genome. The haploid human
genome consists of approximately 3 X 10°bp. Therefore, there is one
copy of the target sequence per 3 X 10°bp. The molecular weight of a
bp (660g/M) and Avogadro’s number can be used to convert this to an
amount of DNA per gene copy. Since this amount will be quite small, for
convenience the answer can be expressed in picograms:

3x10°bp . 660g Tmolbp 1x10”pg _ 33pg
copy molbp  6.023 X 10% bp g copy

Therefore, 3.3 pg of human genomic DNA contains one copy of the target
sequence.

The number of copies of the target sequence contained in 2ng of human
genomic DNA can now be determined:

3
><1><1O pgx1copy

2n
E ng 3.3pg

= 600 copies

Therefore, 600 copies of the target sequence are contained in 2ng of
human genomic DNA template.

By a similar method, the weight of one copy of the 242 bp product can be
determined as follows:

242bp  660g  Tmolbp ><1><1012pg:2.7><10’7pg
copy molbp  6.023x10%bp g copy

Therefore, a 242bp fragment (representing one copy of PCR product)
weighs 2.7 X 1077 pg.
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The number of copies of a 242 bp fragment represented by 100 ng of that
fragment can now be determined:

1X10° pg «__copy

= =37x%x10" copies
ng 2.7 X10 " pg

100ng X

Therefore, there are 3.7 X 10" copies of the 242 bp PCR product in 100 ng.

The amount of amplification can now be calculated by dividing the num-
ber of copies of the target sequence at the end of the PCR by the number
of copies of target present in the input template DNA:

3.7 X 10" copies
600 copies

=6.2x10°

Therefore, the PCR creates a (6.2 X 108)-fold increase in the amount of
amplified DNA segment.

8.3 POLYMERASE CHAIN REACTION
(PCR) EFFICIENCY

The formula 2" used to calculate PCR amplification can be employed to
describe any system that proceeds by a series of doubling events, whereby
1 gives rise to 2, 2 gives rise to 4, 4 to 8, 8 to 16, 16 to 32, etc. This rela-
tionship describes the PCR if the reaction is 100% efficient. No reaction
performed in a test tube, however, will be 100% efficient. To more accu-
rately represent reality, the relationship must be modified to account for
actual reaction efficiency. The equation then becomes

Y=(1+E)

where Y is the degree of amplification, n is the number of cycles, and E is
the mean efficiency of amplification at each cycle; the percent of product
from one cycle serving as template in the next.

Loss of amplification efficiency can occur for any number of reasons,
including loss of DNA polymerase enzyme activity, depletion of reagents,
and incomplete denaturation of template, as occurs when the amount of
product increases in later cycles. Amplification efficiency can be determined
experimentally by taking a small aliquot out from the PCR at the beginning
and end of each cycle (from the third cycle on) and electrophoresing that
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sample on a gel. In other lanes on that gel are run standards with known
numbers of molecules. Intensities of the bands (as determined by staining
or densitometry) are compared for quantification. The efficiency, expressed
as a decimal, is then the final copy number at the end of a cycle divided by
the number of copies at the beginning of that cycle.

To take into account the amount of starting template in a PCR (represented
by X), the equation becomes

Y = X(1+E)

Use of this relationship requires an understanding of logarithms and antilog-
arithms. A common logarithm, as will be used here, is defined as the expo-
nent indicating the power to which 10 must be raised to produce a given
number. An antilogarithm is found by reversing the process used to find
the logarithm of a number; e.g., if y = log x, then x = antilog y. Before this
equation can be converted to a more useful form, two laws of logarithms
must be stated, the Product Rule for Logarithms and the Power Rule for
Logarithms. (More discussion on logarithms can be found in Chapter 3.)

Product Rule for Logarithms: For any positive numbers M, N, and a
(where @ is not equal to one), the logarithm of a product is the sum of the
logarithms of the factors.

log, MN = log, M + log, N

Power Rule for Logarithms: For any positive number M and a (where ais
not equal to one), the logarithm of a power of M is the exponent times the
logarithm of M.

log, MP = plog, M

The equation Y = X(1 + E)" can now be written in a form that will allow
more direct calculation of matters important in PCR. Taking the common
logarithm of both sides of the equation and using both the Product and
Power Rules for Logarithms yields

logY = logX + nlog(1+ E)

This is the form of the equation that can be used when calculating product
yield or when calculating the number of cycles it takes to generate a certain
amount of product from an initial template concentration.
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L
Problem 8.6 An aliquot of template DNA containing 3 X 10° copies of
a target gene is placed into a PCR. The reaction has a mean efficiency of
85%. How many cycles are required to produce 2 X 10'° copies?

Solution 8.6
For the equation Y = X(1 + £)", Y = 2 X 10'° copies, X = 3 X 10° copies,
and E = 0.85. Placing these values into the equation gives the following

relationship:

2%10'° = (3 X 10°)(1+ 0.85)"
2%10" n i, ‘ , 5
——— =185 Divide each side of the equation by 3 X 10°.
3X10
6.7 X 10* = 1.85" Simplify the left side of the equation.

log 6.7 X 10* =log 1.85"  Take the common logarithm of both sides of
the equation.
log6.7 X 10* = nlog1.85  Use the Power Rule for Logarithms.

log6.7 X 10*

log6.7 X107 _ n Divide both sides of the equation by log 1.85.
log1.85

4.8 . . .

027 =n=178 Substitute the log values into the denominator

and numerator. (To find the log of a number
on a calculator, enter that number and then
press the log key.)

Therefore, it will take 18 cycles to produce 2 X 10'° copies of amplicon
starting from 3 X 10° copies of template.

L
Problem 8.7 A PCR amplification proceeds for 25 cycles. The initial
target sequence was present in the reaction at 3 X 10° copies. At the
end of the 25 cycles, 4 X 10'? copies have been produced. What is the
efficiency (E) of the reaction?

Solution 8.7
Using the equation Y = X(1 + £)", Y = 4 X 10" copies, X = 3 X 10° copies,
and n = 25, the equation then becomes

4x10"”% = (3X10°)(1+ E)®
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12

4><1oS PR

3X10

1.3X107=(1+E% Divide each side of the equation by
3 X 10° and simplify.

log 1.3 X 107 = log(1 + E)?* Take the logarithm of both sides of
the equation.

log 1.3 X 107 = 25 log(1 + E) Use the Power Rule for Logarithms.

7.1 =25log(1 + E) Substitute the log of 1.3 X 107 into
the equation. (The log of 1.3 X 107
is found on a calculator by entering
1,.3,EXP, 7, log.)

%1 =log(1+E) Divide each side of the equation by
25 and simplify the left side of the
equation.

0.28 = log(1 + E)
antilog 0.28 = antilog[log(1 + E)] Take the antilog of each side of the

equation.

antilog 028 =1+ E

191=1+E To find the antilog of 0.28 on the
calculator, enter 10, x¥, .28, and =.

191—-1=E Subtract 1 from both sides of the
equation.

091 =E

Therefore, the PCR is 91% efficient (0.91 X 100 = 91%).

84 CALCULATING THE T,,, OF THE TARGET
SEQUENCE

The T, (melting temperature) of dsDNA is the temperature at which half
of the molecule is in double-stranded conformation and half is in single-
stranded form. It does not matter where along the length of the molecule
the single-stranded or double-stranded regions occur so long as half of the
entire molecule is in single-stranded form. It is desirable to know the melt-
ing temperature of the amplicon to help ensure that an adequate denatura-
tion temperature is chosen for thermal cycling, one that will provide an
optimal amplification reaction.

DNA is called a polyanion because of the multiple negative charges along
the sugar—phosphate backbone. The two strands of DNA, since they carry
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like charges, have a natural tendency to repel each other. In a water envi-
ronment free of any ions, DNA will denature easily. Salt ions such as
sodium (Na') and magnesium (Mg*?), however, can complex to the nega-
tive charges on the phosphate groups of DNA and will counteract the ten-
dency of the two strands to repel each other. In fact, under conditions of
high salt, two strands of DNA can be made to anneal to each other even if
they contain a number of mismatched bases between them.

Most PCRs contain salt. Potassium chloride (KCI) is frequently added to
a PCR to enhance the activity of the polymerase. Magnesium is a cofactor
of the DNA polymerase enzyme. It is provided in a PCR by the salt mag-
nesium chloride (MgCl,). The presence of potassium (K*) and magnesium
ions will affect the melting temperature of duplex nucleic acid and should
be a consideration when making a best calculation of 7,,,.

Other factors affect the 7,, of duplex DNA. Longer molecules, having
more bps holding them together, require more energy to denature them.
Likewise, T,, is affected by the G + C content of the DNA. Since Gs
and Cs form three hydrogen bonds between them (as compared with two
hydrogen bonds formed between As and Ts), DNAs having higher G + C
content will require more energy (a higher temperature) to denature them.

These considerations are taken into account in the formula given by Wetmur
and Sninsky (1995) for calculating the melting temperature of long duplex
DNAs:

[SALT]
1.0 + 0.7[SALT]

500

T, =815+ 16.610g[ + 0.41(%G + C) — e

where L = the length of the amplicon in bp. %G + C is calculated using
the formulae

G + C bases in the amplicon

%G + C = X100

total number of bases in the amplicon

and
[SALT] = [K']+ 4[Mg>* 1>

In this last equation, any other monovalent cation, such as Na*, if in the
PCR, can be substituted for K*.

For the thermal cycling program, a denaturation temperature should be
chosen 3—4°C higher than the calculated 7, to ensure adequate separation
of the two amplicon strands.
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s
Problem 8.8 An 800bp PCR product having a G + C content of 55% is
synthesized in a reaction containing 50 mM KCl and 2.5 mM MgCl,. What is
the amplicon’s T,,,?

Solution 8.8

First, calculate the salt concentration ([SALT]). The formula given for this
requires that the concentrations of K* and Mg*?2 be expressed in M rather
than mM concentration. For KCl this is calculated as follows:

50 mMKCI X M 0.05 MKCI
1000 mM

Therefore, the KCl concentration is 0.05 M.

The M concentration of MgCl, is calculated as follows:

2.5mM MgCl, X M 0.0025 M Mgcl,
1000 mM

Therefore, the MgCl, concentration is 0.0025 M.

Placing these values into the equation for calculating salt concentration
gives the following relationship:

[SALT] = [0.05] + 4[0.0025]%°

[0.0025]%° on the calculator is obtained by entering 0.0025, pressing the
xY key, entering 0.5, and pressing the = key.

[SALT] = 0.05 + 4(0.05)
Solving this equation gives the following result:
[SALT] = 0.05+ 0.2 = 0.25

Placing this value into the equation for T, yields the following equation:

T, =815+16.6log 41(55) — 200

1.0 + 0.7[0.25]

[0.25] } ‘o

The equation is simplified to give the following relationship:

T, =815+ 16.610g[0.213] + 0.41(55) — 0.63
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Calculating the log of 0.213 (enter 0.213 on the calculator and press the
log key) and further simplifying the equation gives the following result:

T, = 81.5+16.6(—0.672) + 22.55 — 0.63

T, =815+ (—11.155) + 22.55 - 0.63 = 92.3

Therefore, the melting temperature of the 800bp amplicon is 92.3°C.
Programming the thermal cycler for a denaturation temperature of 96°C
should ensure proper denaturation at each cycle.

|
8.5 PRIMERS
Polymerase chain reaction primers are used in concentrations ranging from
0.05 to 2 pM.
s

Problem 8.9 A primer stock consisting of the two primers needed for
a PCR has a concentration of 25 pM. What volume of the primer stock
should be added to a 100 L reaction so that the primer concentration in
the reaction is 0.4pM?

Solution 8.9
The calculation is set up in the following manner:

L
25pM primer X X
100 puL

= 0.4 pM primer

The equation is then solved for x.

(25uM)x _

0.4 uM
100 "

(25uM)x = 40 uM

40 pM
X =

= =16
25uM

Therefore, 1.6pL of the 25uM primer stock should be added to a 100pL
PCR to give a primer concentration of 0.4 uM.
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L
Problem 8.10 A 100.L PCR contains primers at a concentration of
0.4 uM. How many picomoles of primer are in the reaction?

Solution 8.10
Remember, 0.4uM is equivalent to 0.4pmol/L. A series of conversion
factors is used to bring a molar concentration into a mole quantity:

) i x 108
0.4 umol primer % 1L % 1X10” pmol

X 100 uL = 40 pmol primer
L 1X10° L ol a pmotp

Therefore, there are 40 pmol of primer in the reaction.

L
Problem 8.11 A 100uL PCRis designed to produce a 500 bp fragment.
The reaction contains 0.2 pM primer. Assuming a 100% efficient reaction
and that the other reaction components are not limiting, what is the
theoretical maximum amount of product (in pg) that can be made?

Solution 8.11
The first step is to calculate how many micromoles of primer are in the
reaction. (0.2 pM is equivalent to 0.2 umol/L.)

0.2 pmol primer % 1L
L 1X 108 L

X 100 pL = 2 X 10> pmol primer

Therefore, the reaction contains 2 X 10~ >pmol of primer. Assuming a
100% efficient reaction, each primer will be extended into a complete
DNA strand. Therefore, 2 X 10~>pumol of primer will make 2 X 10~°pumol
of extended products. Since in this case the product is 500bp in length,
its molecular weight must be part of the equation used to calculate the
amount of total product made:

660 g/mol % Tmol % 1X10° ug
bp 1% 108 pmol g
= 6.6 9

500 bp X X 2X107° pmol

Therefore, in this reaction, 6.6pug of 500bp PCR product can be
synthesized.
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s
Problem 8.12 Twenty pg of an 8000 bp recombinant plasmid are used
in a 50pL PCRin which, after 25 cycles, 1 g of a 400 bp PCR fragment is
produced. The reaction contains 0.2 uM primer.

a) How much of the primer is consumed during the synthesis of the
product?

b) How much primer remains after 25 cycles?

c¢) How many cycles would be required to completely consume the
entire reaction’s supply of primer?

Solution 8.12(a)

Since each PCR fragment contains primer incorporated into each strand in
the ratio of one primer to one DNA strand, the picomolar concentration of
PCR fragment will be equivalent to the picomolar concentration of primer.
The first step is to calculate the molecular weight of the 400 bp PCR frag-
ment. This is accomplished by multiplying the size of the fragment by the
molecular weight of a single bp:

660 g/mol _ 264 X10°g
mol

400 bp X

Therefore, the 400bp PCR fragment has a molecular weight of
2.64 X 10° g/mol. This value can then be used in an equation to convert
the amount of 400 bp fragment produced into picomoles:

g 1mol ><1><1012pmol

¢ < = 3.8pmol
1X10°ng 264 X10°g mol

Tug X

Therefore, 3.8pmol of 400-bp fragment were synthesized in the PCR. If
3.8 pmol of fragment is produced, then 3.8 pmol of primer is consumed by
incorporation into product.

Solution 8.12(b)

To calculate how much primer remains after 25 cycles, we must first cal-
culate how much primer we started with. Primer was in the reaction at a
concentration of 0.2 pM. We can calculate how many picomoles of primer
are represented by 0.2pM primer in the following manner (remember,
0.2 uM primer is equivalent to 0.2 pmol primer/L):

21 i X 10°
02|Jmolpr|mer><1 10 pmol>< 1L

X 50 pL = 10 pmol primer
L pmol 1X10° uL i pmotP
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Therefore, the reaction began with 10pmol of primer. And 3.8pmol of
primer are consumed in the production of PCR fragment (Solution 8.12a).
This amount is subtracted from the 10 pmol of primer initially contained
in the reaction:

10 pmol — 3.8 pmol = 6.2 pmol

Therefore, 6.2 pmol of primer remain unincorporated after 25 cycles.

Solution 8.12(c)

The solution to this problem requires the use of the general equation
Y = X(1 + E)". We will solve for n, the exponent. As for the other compo-
nents, from the information given we need to determine Y, the ending
number of copies of fragment; X, the initial number of target molecules;
and E, the overall efficiency of the reaction. The starting number of target
sequence is calculated by first determining the weight of one copy of the
8000 bp recombinant plasmid:

8000bp . 660g . 1molbp  _ 88X 10 % g
copy  molbp  6.023 X 10% bp copy

Therefore, each copy of the 8000bp recombinant plasmid weighs
8.8 X 107 '8g. This value can then be used as a conversion factor to deter-
mine how many copies of the recombinant plasmid are represented by
20 pg, the starting amount of template:

9 % copy
12 —18
1X10“pg 88X10 “g

20 pg X = 2.3 X 10° copies
Therefore, there are 2.3 X 10° copies of starting template.

After 25 cycles, 1pg of 400bp product is made. To determine how many
copies this represents, the weight of one copy must be determined:

400bp  660g . 1molbp  _ 44x10"g
copy molbp  6.023 X 10% bp copy

Therefore, each 400bp PCR fragment weighs 4.4 X 107 'g. Using this
value as a conversion factor, 1pg of product can be converted to number
of copies in the following way:

9 .  copy

X = 2.3 % 10" copies
1X10%ug 44x10 "¢

Tug
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Therefore, after 25 cycles, 2.3 X 10'? copies of the 400bp PCR fragment
have been made.

Using the starting number of copies of template and the number of cop-
ies of PCR fragment made after 25 cycles, the efficiency (E) of the reaction
can now be calculated.

2.3 X 10" copies = 2.3 X 10° copies(1+ E)*

2310

23x10° - a+6"

1X100=(1+E? Divide each side of the equation by
2.3 X 106,

log 1 X 10%=25log(1 + E)  Take the logarithm of both sides of the
equation and use the Power Rule for
Logarithms.

5 = log(1+E) Take the log of 1 X 10° (on the calculator,

25 enter 1, press the EXP key, enter 6, then

press the log key) and divide each side of

the equation by 25.

174=1+E Take the antilog of both sides of the equa-
tion. To find the antilog of 0.24 on the cal-
culator, enter 0.24 then the 10* key.

1.74—-1=E Subtract 1 from both sides of the equation
to find E.

0.24 = log(1+ E)

074=E

Therefore, E has a value of 0.74.

The reaction contains 10pmol of primer. Ten picomoles of primer will
make 10 pmol of product. The number of copies this represents is calcu-
lated as follows:

Imol 6023 X 10% copies

= = 6.023 X 10' copies
1X10"“ pmol mol

10 pmol X

Therefore, 10 pmol of primer can make 6.023 X 10'? copies of PCR fragment.

We now have all the information we need to calculate the number of
cycles required to make 6.023 X 10'? copies (10pmol) of product. For
the following equation, Y, the final number of copies of product, is
6.023 X 10'? copies; X, the initial number of copies of target sequence, is
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2.3 X 10° copies; and E, the efficiency of the PCR, is 0.74. We will solve for
the exponent n, the number of PCR cycles, as follows:

6.023 X 102 = (2.3 X 10%)(1+ 0.74)"

12
M = (1.74)" Divide each side of the equation by
23X10 2.3 X 10° and simplify the term in
parentheses.

2,62 X 10° = (1.74)"
log2.62 X 106 =nlog 1.74  Take the log of both sides of the equation

and use the Power Rule for Logarithms.

log2.62 X 10°
0950270 n Divide each side of the equation by

log1.74 log 1.74.

6.42 .
0on =n=26.75 Take the log of the values on the left side
’ of the equation and divide these values
to give n.

Therefore, after 27 cycles, the 10 pmol of primer will have been converted
into 10 pmol of PCR fragment. Many protocols use primer quantities as
small as 10 pmol. Using a relatively small amount of primer can increase
a reaction’s specificity. For the reaction in this example, using more than
27 cycles would provide no added benefit.

8.6 PRIMERT,,

For an optimal PCR, the two primers used in a PCR should have similar
melting temperatures. The optimal annealing temperature for a PCR experi-
ment may actually be several degrees above or below that of the T,, of
the least stable primer. The best annealing temperature should be derived
empirically. The highest annealing temperature giving the highest yield of
desired product and the least amount of background amplification should be
used for routine amplification of a particular target. The formulas described
next can be used to give the experimenter a good idea of where to start.

A number of different methods for calculating primer 7,, can be found in
the literature, and several are commonly used. A very quick method for esti-
mating the T, of an oligonucleotide primer is to add 2°C for each A or T nt
present in the primer and 4°C for each G or C nt. Expressed as an equation,
this relationship is

T,K =2°(A+T)+4°(G+ C)

m

This method of calculating 7,,, however, is valid only for primers between
14 and 20nts in length.
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.
Problem 8.13 A primer with the sequence ATCGGTAACGATTACATTC

is to be used in a PCR. Using the formula above, what is the T,,, of this
oligonucleotide?

Solution 8.13
The oligo contains 12 As and Ts and 7 Gs and Cs.

2°X12=24° and 4°X7=28°
Adding these two values together gives
24° + 28° = 52°

Therefore, by this method of calculating melting temperature, the primer
has a T,,, of 52°C.

8.6.1 Calculating T, based on salt concentration,
G/C content, and DNA length

The equation introduced earlier to calculate the 7, of a target sequence can
also be used to determine the 7, of a primer:

T, =815+ 16.610g{ [SALT] ‘ 200

—— |+ 041(%G + C) — —
1.0 + 0.7[SALT] L

where [SALT] is the concentration of the monovalent cation in the PCR
(typically KCI) and the concentration of magnesium expressed in moles
per liter and determined as

[SALT] = [K']+ 4[Mg?*1>?

L is equal to the number of nucleotides in the primer. As pointed out ear-
lier, the %G + C term in this equation should not be expressed as a deci-
mal (50% G + C, not 0.50 G + C). This formula takes into account the
salt concentration, the length of the primer, and the G + C content.

L
Problem 8.14 A primer with the sequence ATCGGTAACGATTACATTC is

to be used in a PCR. The PCR contains 0.05 M KCl and 2.5 mM magnesium.
Using the formula just given, what is the T,, of this oligonucleotide?
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Solution 8.14
A 0.05M KCl solution is equivalent to 0.05 mol KCI/L. The primer, a 19-mer,
has 7 Gs and Cs. It has a %G + C content of 37%.

7 nucleotl.des %100 = 37%
19 nucleotides

The salt concentration is
[SALT] = [0.05] + 4[0.0025]>° = 0.25
The T, of the primer is calculated as follows:

[0.25]
1.0 + 0.7[0.25]

500

T, = 81.5°+16.6log ] +0.41(37) — ET)

T, = 81.5°+16.6l0g[0.213] + 15.2 — 26.3

T, = 815°+(=11.2) +15.2 — 26.3 = 59.2°C

Therefore, by this method of calculation, the primer has a T, of 59.2°C.
(Compare this with 52°C calculated in Problem 8.13 for the same primer
sequence.)

8.6.2 Calculating T,,, based on nearest-neighbor
interactions

Wetmur and Sninsky (1995) describe a formula for calculating primer 7,
that uses nearest-neighbor interactions between adjacent nts within the oli-
gonucleotide. Experiments by Breslauer et al. (1986) demonstrated that it
is base sequence rather than base composition that dictates the stability and
melting characteristics of a particular DNA molecule. For example, a DNA
molecule having the structure

Y AT
S TA,

will have different melting and stability properties than a DNA molecule
with the structure

YTAY
S ATy,
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even though they have the same base composition. The stability of a DNA
molecule is determined by its free energy (AG®). The melting behavior of
a DNA molecule is dictated by its enthalpy (AH°).

Free energy is a measure of the tendency of a chemical system to react
or change. It is expressed in kilocalories per mole (kcal/mol). (A calorie
is the amount of heat at a pressure of one atmosphere required to raise
the temperature of one gram of water by 1°C.) In a chemical reaction, the
energy released or absorbed in that reaction is the difference (A) between
the energy of the reaction products and the energy of the reactants. Under
conditions of constant temperature and pressure, the energy difference
is defined as AG (the Gibbs free-energy change). The standard free-
energy change, AG®, is the change in free energy when one mole of a
compound is formed at 25°C at one atmosphere pressure.

Enthalpy is a measure of the heat content of a chemical or physical system. The
enthalpy change, AH", is the quantity of heat released or absorbed at constant
temperature, pressure, and volume. It is equal to the enthalpy of the reaction
products minus the enthalpy of the reactants. It is expressed in units of kcal/mol.

Tables 8.1 and 8.2 show nearest-neighbor interactions for enthalpy and free
energy.

Table 8.1 Enthalpy (AH°) values for nearest-neighbor nucleotides
(in kcal/mol). Reproduced from Quartin and Wetmur (1989).

First Second nucleotide
nucleotide

dA dcC dG dT
dA —9.1 —6.5 —-7.8 —8.6
dC —5.8 -11.0 =119 —7.8
dG —5.6 =111 —-11.0 —6.5
dT —6.0 —56 —5.8 —9.1

Table 8.2 Free-energy (AG®) values for nearest-neighbor nucleotides
(in kcal/mol). Reproduced from Quartin and Wetmur (1989).

First Second nucleotide
nucleotide

dA dcC dG dT
dA —1.55 —-1.40 —1.45 —-1.25
dC —1.15 —2.30 —3.05 —1.45
dG -1.15 —-2.70 -2.30 —-1.40

dT —0.85 —1.15 —-1.15 —1.55




8.6 PrimerT, 185

Free energy and enthalpy of nearest-neighbor interactions are incorporated
into the following equation for calculating primer melting temperature
(Wetmur & Sninsky, 1995):

T, = " AH +16.6log
AH® — AG®° + RT° In(C)

(SALT)
1.0 + 0.7(SALT)

‘ —269.3

where

(SALT) = (K*) + 4(Mg™)*?

T° is the temperature in degrees Kelvin (K). Standard state (25°C) is
assumed for this calculation. Actual degree increments are equivalent
between K and °C. Zero°C is equivalent to 273.2K. 7° in K, therefore,
is 25° + 273.2° = 298.2K. R, the molar gas constant, is 1.99 cal/mol K.
C is the molar concentration of primer. AH® is calculated as the sum of all
nearest-neighbor AH® values for the primer plus the enthalpy contributed
by ‘dangling end’ interactions (template sequence extending past the bases
complementary to the 5" and 3’ ends of the primer). A primer will have
two dangling ends when annealing to the template. The enthalpy contribu-
tion (AH°®,) from a single dangling end is —5000cal/mol. AH°® is calcu-
lated by the following formula:

AH® = Z’m(each AH®,))+ AH®,

nn

(The subscript ‘nn’ designates nearest-neighbor interaction. The subscript
‘e’ designates the dangling-end interaction.)

AG°®, the free energy, is calculated as the sum of all nearest-neighbor
AG?® values for the primer plus free energy contributed by the initiation
of base-pair formation (+2200cal/mol) plus the AG®° contributed by a
single dangling end (—1000cal/mol). It is calculated by the following
formula:

AG® =" (eachAG®,,)+ AG, + AG®,

nn

(The subscript ‘nn’ designates nearest-neighbor interaction. The subscripts
‘e’ and ‘i’ designate dangling-end interactions and initiation of base-pair
formation, respectively.)
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s
Problem 8.15 A primer with the sequence ATCGGTAACGATTACATTC is
to be used in a PCR at a concentration of 0.4 uM. The PCR contains 0.05 M
KCl and 2.5 mM Mg?". Assume two dangling ends. Using the formula
given earlier, what is the oligonucleotide’s T,,,?

Solution 8.15
The salt concentrations (K* and Mg?*) must both be expressed as molar
concentrations. 2.5 mM Mg?* is equivalent to 0.0025 M, as shown here:

™

25mMMMg*t X ———
1000 mM

= 0.0025 M Mg**

The total salt concentration is therefore
(SALT) = (0.05) + 4(0.0025)*° = (0.05) + (0.2) = 0.25

As shown in the following table, the sum of the AH° nearest-neighbor
interactions is —142kcal/mol.

Nearest-neighbor AH°
bases

AT —8.6
TC —56
CG -11.9
GG -11.0
GT —6.5
TA —6.0
AA —9.1
AC —6.5
CG -11.9
GA —5.6
AT —8.6
1T —9.1
TA —6.0
AC —6.5
CA —58
AT —8.6
1T —9.1
TC —56
Total AH° —142.0
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The AH°, value is calculated as follows:

—5000 cal/mol

- X 2 dangling ends = —10 000 cal/mol
dangling end

This is equivalent to —10kcal/mol:

—10000 cal/mol X M = —10kcal/mol

1000 cal/mol

The total AH° is calculated as follows:

AH® = —142kcal/mol + (—10 kcal/mol) = —152 kcal/mol

Therefore, the AH° for this primer is —152kcal/mol. This is equivalent to
—152000cal/mol:
1000 cal/mol _

—152 kcal/mol X ——————— = —152 000 cal/mol
kcal/mol

As shown in the following table, the sum of the AG° nearest-neighbor
interactions is —27.3 kcal/mol.

Nearest-neighbor AG°,,
bases

AT —1.25
TC —1.15
CG —3.05
GG —2.30
GT —1.40
TA —0.85
AA —1.55
AC —1.40
CcG —3.05
GA —1.15
AT —1.25
T —1.55
TA —0.85
AC —1.40
CA —1.15
AT —1.25
T —1.55
TC —1.15
Total AG° —-27.3
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The AG" for the contribution from the dangling ends is determined as follows:

—1000 cal/mol % kcal/mol

AG°, = 2 dangling ends X
danglingend 1000 cal/mol

= —2kcal/mol

AG?® is then calculated by adding the values determined earlier to the AG®
for initiation of base-pair formation (AG®; = +2200 cal/mol = 2.2 kcal/mol).

AG°® = —27.3kcal/mol + (—2 kcal/mol) + 2.2 kcal/mol = —27.1kcal/mol

Therefore, AG® for this primer is —27.1kcal/mol, which is equivalent to
—27100cal/mol:

—27.1kcal/mol X 1000 cal/mol _ —27100 cal/mol
kcal/mol
The primer is at a concentration of 0.4 uM. This is converted to a molar (M)

concentration as follows:

™

—————=4x10"M
1X10° uM

0.4 pM X

Placing these values into the Wetmur and Sninsky equation gives the fol-
lowing relationship:

T° AH®

T, = +16.6 log
AH® — AG° +RT°In(C)

(SALT) ] —269.3

1.0 + 0.7(SALT)

298.2 X (152 000)

T =
" 152000 — (~27100) +1.99(298.2)In(4 X 10~ )
+166l0g]— 02 | y693
1.0 +0.7(0.25)
T, = —45326400 —~ +166l0g[0.21] — 2693
—152000 + 27100 + (593.4)In(4 X 10~ /)
—45326 4
T, = 2326400 +(16.6)(—0.68) — 269.3
—124.900 + (593.4)(—14.73)
T, = —45326400 | q143) - 2603

—124900 + (—8,741)

T, =339.2—-113—269.3 = 58.6°

Therefore, by this method of calculation, the primer has a T,,, of 58.6°C.
|
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8.7 DEOXYNUCLEOSIDE TRIPHOSPHATES (dNTPs)

Deoxynucleoside triphosphates (dATP, dCTP, dGTP, and dTTP) are the build-
ing blocks of DNA. They should be added to a PCR in equimolar amounts and,
depending on the specific application, are used in concentrations ranging from
20 to 200puM each. In preparing a series of PCRs, the four dNTPs can be pre-
pared as a master mix, an aliquot of which is added to each PCR in the series.

e
Problem 8.16 A dNTP master mix is prepared by combining 40 L of
each 10mM dNTP stock. FourpL of this dNTP master mix is added to a
PCR having a final volume of 50 L.

a) What is the concentration of each dNTP in the master mix?
b) What is the concentration of total dNTP in the PCR? Express the con-
centration in micromolarity.

Solution 8.16(a)

The dNTP master mix contains 40 pL of each of the four dNTPs. The total
volume of the dNTP master mix, therefore, is 4 X 40pL = 160 pL. Diluting
each dNTP stock into this final volume gives

40 pL

Ju

10 mM each dNTP X = 2.5mM each dNTP

Therefore, the master mix contains 2.5 mM of each dNTP.

Solution 8.16(b)

The total concentration of dNTP in the master mix is 10mM (2.5mM
dATP + 2.5mM dCTP + 2.5mM dGTP + 2.5mM dTTP = 10 mM total dNTP).
Dilution of 4L of the dNTP master mix into a 50 uL PCR yields the following
concentration:

4puL ><1><103u/vl
50 pL mM

10 mM total dNTP X

= 800 uM total dNTP

Therefore, the 50 pL PCR contains a total dNTP concentration of 800 uM.
|

s
Problem 8.17 A 50uL PCRis designed to produce a 300 bp amplified
product. The reaction contains 800 uM total dNTP. The primers used for
the amplification are an 18-mer and a 22-mer. Assume that neither the
primers nor any other reagent in the reaction are limiting and that the
reaction is 100% efficient.
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a) With a dNTP concentration of 800puM dNTP, how much DNA can be
produced in this reaction?

b) How many copies of the 300bp fragment could theoretically be
produced?

c¢) How much primer is required to synthesize the number of calculated
copies of the 300 bp fragment?

Solution 8.17(a)
The first step is to calculate the number of micromoles of dNTP in the
reaction. (800 uM dNTP is equivalent to 800 umol dNTP/L.)

800 pmol dNTP % 1L
L 1X10° pL

X 50 uL = 0.04 umol dNTP

Therefore, the reaction contains 0.04 pmol of dNTP.

A dNTP is a triphosphate. When added onto an extending DNA strand
by the action of a DNA polymerase, a diphosphate is released. The nt, as
incorporated into a strand of DNA, has a molecular weight of 330g/mol.
Therefore, the number of micromoles of dNTP is equal to the number of
micromoles of nt of the form incorporated into DNA. The amount of DNA
that can be made from 0.04 pmol of nucleotide is calculated by multiply-
ing this amount by the molecular weight of a single nt. Multiplication by a
conversion factor allows expression of the result in micrograms.

330g/mol  1mol  1X 10% ug
nt 1X 10% pmol g

0.04 pmol nt X =13.2pg

Therefore, 0.04umol of dNTP can theoretically be converted into 13.2ug
of DNA.

Solution 8.17(b)

A 300bp PCR fragment, since it is double-stranded, consists of 600 nts.
Each PCR fragment is made by extension of annealed primers. The primers
in this reaction are 18 and 22 nts in length. Forty nts (18 nt + 22nt = 40nt)
of each PCR fragment, therefore, are made up from primer. Another
560nts (600nt — 40nt from the primer) of each PCR fragment are
made from the dNTP pool. The 560 nts represent one copy of the target
sequence. Their weight is calculated as follows:

s60nt  330g  Tmolnt X1><106ug _3.1x10 " g
copy molnt 6.023X10% nt g copy
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Therefore, each copy of PCR fragment contains 3.1 X 10~ '3 g of nt con-
tributed from the dNTP pool. Multiplying this value by the amount of DNA
that can be made from the dNTPs (13.2ug, as calculated in Solution 8.17a)
gives the following result:

1 copy

10T X 13.2pg = 4.3 X 10" copies
AX g

Therefore, the dNTPs in this reaction can synthesize 4.3 X 10'3 copies of
the 300 bp PCR fragment.

Solution 8.17(c)

Since the primers are incorporated into each copy of the PCR product, the
number of micromoles of primers needed to synthesize 4.3 X 103 copies is
equivalent to the number of micromoles of product. To solve this problem,
then, the number of micromoles of 300 bp product must first be determined:

Tmol o 1% 10%umol
6.023 X 10%* copies mol
= 7.1X 10> pmol 300 bp product

43 % 10" copies X

Therefore, 7.1 X 107> pmol of primer in the 50 L reaction are needed. To
convert this value to a micromolar concentration, the quantity is expressed
as an amount per liter:

7.1X 107> pmol primer % 1X10% uL _ 1.4 pumol primer
50 pL L L

= 1.4 M primer

Therefore, each primer must be present in the reaction at a concentra-
tion of 1.4M to support the synthesis of 4.3 X 10'3 copies of 300 bp PCR
product when the total dNTP concentration is 800 uM.

8.8 DNA POLYMERASE

A number of DNA polymerases isolated from different thermophilic bacte-
ria have been successfully used for PCR amplification. Although they may
have varying characteristics as to exonuclease activity, processivity, fidelity,
and specific activity, they have been chosen as suitable for PCR because
they are thermally stable; they retain their activity even after repeated expo-
sure to the high temperatures used to denature the template nucleic acid.
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s
Problem 8.18 Two units of Tag DNA polymerase are added to a
100pL PCR. The enzyme has a specific activity of 292 000 units/mg and
a molecular weight of 94 kilodaltons (kDa). How many molecules of the
enzyme are in the reaction?

Solution 8.18

Solving this problem requires the use of Avogadro’s number (6.023 X 10?3
molecules/mol). A molecular weight of 94 kDa is equivalent to 94 000 g/mol.
These values are incorporated into the following equation to give the
number of enzyme molecules:

mg g mol

2 units enzyme X -
292000 unitsenzyme 1000mg 940009

% 6.023 X 102 molecules
mol

= x molecules

Simplifying the equation gives the following result:

1.2 X 10%* molecules

7107 = 4.4 x10'° molecules
J X

Therefore, the reaction contains 4.4 X 10'© molecules of Tag DNA
polymerase.

8.8.1 Calculating DNA polymerase’s error rate

All DNA polymerases, including those used for PCR, display a certain
misincorporation rate by which a base other than that complementary to
the template is added to the 3’ end of the strand being extended. Most
DNA polymerases have a 3’ to 5" exonuclease ‘proofreading’ function that
removes incorrect bases from the 3’ end of the extending strand. Once the
incorrect base has been removed, the polymerase activity of the enzyme
adds the correct base and extension continues.

Hayashi (1994) describes a method for calculating the fraction of prod-
uct fragments having the correct sequence after a PCR. It is given by the
following equation, yielding the percent of PCR fragments containing no
errors from misincorporation:

_L+EP
(E+1)"

F(n) 100
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where F(n) is the fraction of strands with correct sequence after n cycles;
E is the efficiency of amplification; » is the number of cycles; and P is the
probability of producing error-free PCR fragments in one cycle of ampli-
fication in a no-hit Poisson distribution, where X in the Poisson equation,
P = ¢ ™N/r!, is equal to the DNA polymerase error rate multiplied by the
length of the amplicon in nts.

Calculating probability by Poisson distribution was described in Chapter 3
for analysis of the fluctuation test. It utilizes the general formula

b e*/\)\r

r!

where e is the base of the natural logarithm system and r designates the
number of ‘hits.’ r! (r factorial) designates the product of each positive
integer from r down to and including 1. For the zero (‘no hit’ or no errors
incorporated) case, r = 0 and the Poisson equation becomes

p= e M\
0!

When solving P for the no-hit case, remember first that 0! is equal to 1 and
second that any number raised to the exponent 0O is equal to 1. The no-hit
case is then

_

P e
1

L
Problem 8.19 Under a defined set of reaction conditions, Tag DNA
polymerase is found to have an error rate of 2 X 107> errors per nt
polymerized. An amplicon of 500 bp is synthesized in the reaction. The
reaction has an overall amplification efficiency of 0.85. After 25 cycles,
what percent of the fragments will have the same sequence as that of
the starting template (i.e., will not contain errors introduced by the DNA
polymerase)?

Solution 8.19
The Poisson distribution probability for the no-hit case is given by the fol-
lowing equation:

b e—)\/\O
0!
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For this problem, X is equal to the error rate multiplied by the amplicon
size, given by the following equation:

A = (2X107°)(500) = 0.01

Substituting this X\ value into the Poisson equation gives the following
relationship:

pP=e%"=099

(To find e %°" on a calculator, enter 0.01, change the sign by pressing
the +/— key, then press the e* key (on some calculators, it may be neces-
sary first to press the SHIFT key to gain access to the e* function.))

Bringing the value for P into the equation for calculating the percentage
of PCR fragments with no errors gives the following equation:

Fny = DEEPT oo
(E+1)"

+0.85(0.99)]%*
n):m 085(09295)] 100
(0.85 + 1)

Simplifying the equation gives the following relationship:

_ 1.841%

= (1.85° X100

Both the numerator and the denominator must be raised to the 25th
power. To determine [1.84]% on a calculator, enter 1.84, press the x¥ key,
enter 25, then press the = key.

The equation then gives the following result:

17 % 10°
n = 217210 100 = 872
478 %10

Therefore, after 25 cycles, 87.2% of the amplicons will have the correct
sequence.
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8.9 QUANTITATIVE POLYMERASE CHAIN
REACTION (PCR)

The ability to measure minute amounts of a specific nucleic acid can be
crucial to obtaining a thorough understanding of the processes involved
in gene expression and infection. Because of the PCR’s unique sensitiv-
ity and because of its capacity to amplify as few as only several molecules
to greater than a million-fold, it has been exploited for use in nucleic acid
quantitation. No other technique can be used to detect so small an amount
of target so efficiently or so quickly. Although a number of different
schemes have been devised to employ the PCR as a quantitative tool, the
technique called competitive PCR has emerged as the most reliable, non-
instrument-based approach.

In a competitive PCR assay, a series of replicate reaction tubes is prepared
in which two templates are coamplified. One template, the target sequence
being quantified (its quantity is unknown), is added as an extract in identi-
cal volumes to each tube. Depending on the application, this target tem-
plate might be RNA transcribed from an induced gene of interest or an
RNA present in biological tissue as a consequence of viral infection. The
other template is a competitor added to each PCR as a dilution series in an
increasing and known amount. The two templates, the target and the com-
petitor, to ensure that they will be amplified with the same efficiency, have
similar but distinguishable lengths, similar sequence, and the same primer-
annealing sequences. If RNA is the nucleic acid to be quantified, then the
competitor template should also be RNA. The RNAs must first be reverse
transcribed into cDNA prior to PCR amplification. (The technique used to
prepare cDNA from RNA followed by PCR amplification is termed RT-
PCR.) During reverse transcription and PCR, the competitor template com-
petes with the target sequence for the primers and reaction components.

Following amplification, the reaction products are separated by gel electro-
phoresis. The amount of product in each band can be determined by sev-
eral different methods. If a radioactively labeled dNTP is included in the
PCR, autoradiography or liquid scintillation spectrometry can be used to
detect the relative amounts of product. Staining with ethidium bromide and
gel photography can be used in conjunction with densitometric scanning to
quantitate products. If fluorescent dye-labeled primers are used, the prod-
ucts can be quantitated on an automated DNA sequencer.

If quantitation is done either by assessing radioisotope incorporation or by
fluorescent/densitometric scanning of an ethidium bromide-stained gel, the
quantities obtained for the smaller fragments must be corrected to reflect
actual molar amounts. For example, smaller DNA fragments will incorporate
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less ethidium bromide than larger fragments, even though the actual number
of molecules between them may be equivalent. Smaller fragments, therefore,
will fluoresce less intensely. To be able to compare their quantities directly,
the amount of the smaller fragment should be multiplied by the ratio of bp
of the larger fragment to bp of the smaller fragment.

In any PCR, the amount of PCR fragment produced is proportional to the
amount of starting template. The ratio of PCR products in the competi-
tive PCR assay reflects the amount of each template initially present in the
reaction. However, the total amount of PCR product cannot exceed some
maximum value as limited by the amounts of ANTP or active Tag polymer-
ase. As the amount of competitor template is increased in the series of
reactions, the amount of product from the target template being quantitated
will decrease as the competitor effectively competes for the reaction com-
ponents. In that reaction, where the initial amounts of target and competitor
template are equivalent, equal amounts of their products will accumulate.
Therefore, at the point where the quantity of the product from the target
and the quantity of the product from the competitor template are equal (the
equivalence point), the starting concentration of target prior to RT-PCR is
equal to the known amount of starting competitor template in that reaction.

It is unlikely that, by chance, any one reaction in the series will produce
exactly equivalent amounts of product. The equivalence point, therefore,
must be determined by constructing a plot relating the logarithm of the
ratio of the amount of competitor PCR product/amount of target PCR prod-
uct to the logarithm of the amount of initial competitor template. Although
such a plot may suggest a straight line, regression analysis will need to be
conducted to estimate the line of best fit through the data points. The equiv-
alence point on the regression line is equal to O on the y axis. (At the equiv-
alence point, the ratio of competitor/target is equal to 1. The logarithm of
1 is 0.) Regression will be described more fully in the following problem.

.
Problem 8.20 Ten reaction tubes are prepared for the quantitation of
an RNA present in an extract from viral-infected cells. Ten L of extract
are placed in each of the 10 tubes. Into the reaction tubes are placed a
competitor RNA having the same primer-annealing sites as the target
RNA and a similar base sequence. The competitor template is added to
the 10 tubes in the following amounts: 0, 2, 10, 20, 50, 100, 250, 500, 1000,
and 5000 copies. Each reaction is treated with reverse transcriptase to
make cDNA. The reactions are then amplified by PCR. RT-PCR of the target
RNA yields a fragment 250 bp in length, while that of the competitor
template produces a 200 bp fragment. Following amplification, the
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products are run on a 2% agarose gel in the presence of 0.5 pg/mL
ethidium bromide. A photograph of the gel is taken under UV light, and
the fluorescence intensity of each band is quantitated by densitometric
scanning. The results shown in Figure 8.1 are obtained. Densitometric
scanning gives the values presented in Table 8.3.

Reaction
1 2 3 4 5 6 7 8 9 10

200 bp

0 2 10 20 50 100 250 500 1000 5000
Copies of competitor template

B FIGURE 8.1 Agarose gel of competitive polymerase chain reaction (PCR) assay. The target yields a
250 bp product. The competitive template yields a 200 bp product.

Table 8.3 Scanning data for the gel photograph in Figure 8.1.
Reaction Copies of Scanning Scanning
tube competitor density of density of target
added competitor RT- RT-PCR product
PCR product
1 0 0 24822
2 2 3298 28437
3 10 8686 18218
4 20 7761 16872
5 50 14590 13520
6 100 16477 11212
7 250 21994 7115
8 500 25050 5173
9 1000 26598 5091
10 5000 31141 1951
Solution 8.20

The PCR product generated from the competitor RNA is smaller than that
generated by the target RNA. When run on an agarose gel and stained
with ethidium bromide, smaller fragments will stain with less intensity
than larger fragments, even though their molar amounts may be equiva-
lent, because the shorter molecules will bind less ethidium bromide. To be
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Table 8.4 Corrected scanning density values for the 200 bp
competitor RNA polymerase chain reaction (PCR) product for
Problem 8.20. Each value is multiplied by 250/200 (bp size of target
PCR product/bp size of competitor RNA PCR product). For example,
for reaction two, 3298 X 250/200 = 4123.
Reaction Copies of Scanning Corrected
tube competitor density of competitor
Added competitor PCR product
RT-PCR scanning
product density

1 0 0 0

2 2 3298 4123

3 10 8686 10858

4 20 7761 9701

5 50 14590 18238

6 100 16477 20596

7 250 21994 27492

8 500 25050 31312

9 1000 26598 33247
10 5000 31141 38926

able to directly compare the amount of competitor PCR product to that
of the target, the scanning density values of the competitor must be cor-
rected by multiplying them by the ratio of the size of the larger fragment
over the smaller fragment. For this experiment, the product generated by
the target RNA is 250 bp. That generated by the competitor RNA is 200 bp.
Therefore, the scanning density values for each competitor product
should be multiplied by 250/200. These values are entered in Table 8.4.

The y axis for our plot will be the log of the corrected competitor PCR
product scanning density/target PCR product scanning density. Table 8.5
presents these values. The x axis is the log of the number of copies of com-
petitor RNA added to each PCR in the assay. Table 8.6 provides these val-
ues. A plot can now be generated using log copies of competitor RNA on
the x axis and log competitor/target on the y axis (Figure 8.2).

The points on the graph in Figure 8.2 suggest a straight-line relationship,
but not all points fall exactly on a straight line. Such a graph is called a
scatter plot because the points are scattered across the grid. The object
then becomes to draw a line through the scatter plot that will best fit the
data. Such a best-fit line can be calculated by a technique called regres-
sion analysis (also called linear regression or the method of least
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Table 8.5 Competitor polymerase chain reaction (PCR) product
scanning density divided by the target PCR product scanning
density is given in the fourth column. The log of these values
(y axis values) are shown in the fifth column.
Reaction  Corrected Scanning Competitor Log of
tube competitor  density of divided by competitor
PCR product target RT- target divided by
scanning PCR product target
density
1 0 24822 - -
2 4123 28437 0.145 -0.839
3 10858 18218 0.596 -0.225
4 9701 16872 0.575 -0.240
5 18238 13520 1.349 0.130
6 20596 11212 1.837 0.264
7 27492 7115 3.864 0.587
8 31312 5173 6.053 0.782
9 33247 5091 6.531 0.815
10 38926 1951 19.953 1.300

Table 8.6 Log values for the number of copies of competitor RNA
placed in each tube of the quantitative PCR assay for Problem 8.20.
For example, for reaction two, in which two copies of the competitive
template RNA are placed in the reaction, the log of 2 is 0.3.

Reaction tube Copies of competitor Log of competitor
added copies

1 0 -
2 2 0.3
3 10 1.0
4 20 1.3
5 50 1.7
6 100 2.0
7 250 24
8 500 2.7
9 1000 3.0

10 5000 3.7
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1.5
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=
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0051152 25 3 35 4
Log copies of competitor RNA

B FIGURE8.2 Scatter plot of log competitor/target vs. log copies of competitor RNA.

squares). The values on the x axis are called the independent or predic-
tor variables. They are chosen by the experimenter and are therefore not
random. (In this example, the log of the number of copies of competitor
RNA placed in the series of competitive PCRs is the independent variable.)
The values on the y axis are the dependent or response variables. (In
this example, the log of the corrected fluorescence of the competitor PCR
product gel band divided by the fluorescence of the target PCR product
band is the dependent variable.) Regression analysis creates a best-fit line
that minimizes the distance of all the data points from the line. The regres-
sion line drawn to best fit the scatter plot has the formula

y=mx+b

This equation, in fact, describes any straight line in two-dimensional
space. The y term is the variable in the vertical axis, m is the slope of the
line, x is the variable on the horizontal axis, and b is the value of y where
the line crosses the vertical axis (called the intercept).

For the best-fit regression line,

where y (overstrike) is the mean y value, x (overstrike) is the mean
x value, and

n

S0 = Dy - 7)
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Table 8.7 Calculation of the sum of all x and y values.
Reaction X; (log copies Y; (log of competitor
of competitor divided by target
added (see Table 8.6)) (see Table 8.5))
2 0.3 —0.839
3 1.0 —0.225
4 1.3 —0.240
5 1.7 0.130
6 20 0.264
7 24 0.587
8 2.7 0.782
9 3.0 0.815
10 3.7 1.300
Total 18.1 2.574

where n designates the number of reactions (the number of data points),
i refers to a specific PCR in the series of competitive reactions (i = 1 to n),
and X is used as summation notation to indicate the sum of all terms in
the series for each value of i.

We can now use our data to determine the regression line. The first step
is to calculate the mean values for x; and y;. This is done by adding all the
values for x; and y; (Table 8.7) and then dividing each sum by the total
number of samples used to obtain that sum. (The values for reaction one,
in which no competitor template was added, will not be used for these
calculations because this reaction provides no useful information other
than to give us peace of mind that a 200bp product would not be pro-
duced in the absence of competitor template.)

The mean value for x is calculated as follows:

The mean value for y is calculated as follows:

y= 2‘5% =0.286

The values for m and b in the equation for the regression line can now be
calculated. Table 8.8 gives the values necessary for these calculations.
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Table 8.8 Calculation of values necessary to determine m and b for

the regression line of best fit.

X Vi (x;i—) (yi—) =2 =P (G-)

X (y;i—)

0.3 —0.839 -1.7 —1.125 2.89 1.266 1.913
1.0 —0.225 -1.0 —0.511 1.00 0.261 0.511
1.3 —0.240 —-0.7 —0.526 0.49 0.277 0.368
1.7 0.130 —0.3 —0.156 0.09 0.024 0.047
20 0.264 0.0 —0.022 0.00 0.000 0.000
24 0.587 0.4 0.301 0.16 0.091 0.120
2.7 0.782 0.7 0.496 0.49 0.246 0.347
3.0 0.815 1.0 0.529 1.00 0.280 0.529
3.7 1.300 1.7 1.014 2.89 1.028 1.724

18.1 2.574 9.01 3.473 5.559

From Table 8.8, we have the following values:

9

> (% = %)* = 9.01

and

(X,- - 7)(}’, —y)=5.559

9
=1

I

With these values, we can calculate m:

9
;(X’ R y): 5.559

2 9.01

> % — %)

= 0.617

m=

Knowing the value for m, the value for b can be calculated:

b=y—mx
= 0.286 — 0.617(2.0)
= 0.286 —1.234 = —0.948

Therefore, substituting the m and b values into the equation for a straight
line gives
y = 0.617x + (—0.948)
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B FIGURE8.3 Line of best fit using the regression equationy = 0.617x + (—0.948).

A regression line can now be plotted. Since a line is defined by two
points, we need to determine two values for the equation y = mx + b.
The regression line always passes through the coordinate (x (overstrike),
y (overstrike)), in this example (2.0, 0.286). For a second point, let us set x
equal to 3.5. (This choice is arbitrary; any x value within the experimental
range will do.) Solving for y using our regression line equation gives

y = 0.617(3.5) + (—0.948)
y = 2.160 — 0.948
y =1212

Plotting these two points, (2.0, 0.286) and (3.5, 1.212), and drawing a
straight line between them gives the line of best fit (Figure 8.3).

The equivalence point can be calculated using our equation for the regres-
sion line and setting y equal to 0, as shown in the following equation:

y = 0.617x + (—0.948)
0=0.617x —0.948

0.948 = 0.617x
0.948
—_— = X
0.617

x =1.536

Since this number represents the log;, value of the copies of the competi-
tor, we must find its antilog. On a calculator, this is done by entering 1.536
and then pressing the 10* key.

antilog,;1.536 = 34
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B FIGURE8.4 Erroris the amount y; deviates from ;.

Therefore, the aliquot of cell extract contains 34 copies of mRNA template.

How closely the regression line fits the data (or how closely the data
approaches our best-fit regression line) can be determined by calculating
the sum of the squared errors, a measure of the total spread of the y val-
ues from the regression line. To do this, we will define y; as the value for
y; that lies on the best-fit regression line for each value of x; such that

Vi = a+bx;

Error is defined as the amount y; deviates from y; and is represented by
the vertical distance from each data point to the regression line (Figure
8.4). Regression measures the difference between the y; value and the
mean for y (y).

The measure of how well the regression line fits the plot is given by the
squared correlation, R?. It is the proportion of the total (y — y)? values
accounted for by the regression, or a measure of how many y; values fall
directly on the best-fit regression line. It is given by the following equa-
tion, using the square of the regression values for each point:

a 2
E(Yf =)
R2 — =1

n

Z(Yi - )7)2

i=1

R? can also be calculated using the error values for each point. It is found
using the following formula:
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Table 8.9 Values for calculating R?.

X; Yi Regression Error

0.3 —0839 —-0763 —1.049 1.100 —0.076  0.006
1.0 —-0.225 —0.331 —0.617  0.381 0.106  0.011

1.3 —0240 —0.146 —0432 0.187 —0.094  0.009
1.7 0.130 0.101 —0.185  0.034 0.029  0.001

2.0 0.264 0.286 0.000  0.000 —0.022  0.000
2.4 0.587 0.533 0.247  0.061 0.054  0.003
2.7 0.782 0.718 0432  0.187 0.064  0.004
3.0 0.815 0.903 0.617  0.381 —0.088  0.008
37 1.300 1.335 1.049  1.100 —0.035  0.001

Totals 3.431 0.043

Table 8.9 provides the values necessary to calculate R? by either method.
Previously, it was calculated that the mean for x is 2.0 and the mean for
y is 0.286. Values for y; are calculated using the equation

Ji=mx; +b

where b is equal to —0.948 and m is equal to 0.617 (as calculated previously).

From Table 8.9, the following values are derived:

9
7 — y)* = 3.431

=1

1

9
Sy, — §;)* = 0.043
i=1

The sum of (y; — y)? was calculated in Table 8.8 and was determined to be
3.473. Using the first equation for calculating R? gives the following result:

n

Z()?/ - )7)2
R2 — =1
n
>~y
i=1
g2 = 31 _ 988

3.473
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The same result is obtained using the alternate method:

Z(Yi - J7)2
_ =1

Z(y,' - )7)2

i=1

R? =1

g g 0043
3473
=1-0012 = 0.988

Therefore, the plotted regression line has an R? value of 0.988.

The closer the R? value is to 1.0, the better the fit of the regression line.
An R? value of 1.0 corresponds to a perfect fit; all values for y lie on the
regression line. In real-world experimentation, R? will be less than 1.0. R?
will equal zero if x; and y; are completely independent; that is, in knowing
a value for x;, you will in no way be able to predict a corresponding value
for y;.. An R? value of 0 might be expected if the scatter plot is completely
random; that is, if there are data points all over the graph, with no rela-
tionship between x and y.

An alternate measure of how well the regression line fits the plot of exper-
imental data is given by the correlation coefficient, r, represented by the
equation

r = (sign of m)\/,‘?2

where r is a positive value if the regression line goes up to the right (has a
positive slope) and negative if the line goes down to the right (has a nega-
tive slope). If a relationship exists such that if one value (x) changes then
the other (y) does so in a related manner, the two values are said to be
correlated. The value of r ranges from —1 to 1, with 1 indicating a perfect
linear relationship between x and y, and a positive slope, —1, indicating a
perfect linear relationship with a negative slope. Zero indicates no linear
relationship.

For this example, m is a positive value (+0.617) and the equation for ris

= +/0.988 = 0.994

Therefore, the regression line has a correlation coefficient, r, of 0.994.
|
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B CHAPTER SUMMARY

The polymerase chain reaction (PCR) is used to amplify a specific segment
of DNA and has applications in gene cloning, DNA sequencing, muta-
tion detection, and forensics. The PCR process generates replicated DNA
strands (assuming perfect efficiency) at a rate of 2", where n is equal to the
number of cycles of denaturation, annealing, and extension. As PCRs are
not 100% efficient, amplification is more accurately expressed as

Y=(0+E)"

where Y is the degree of amplification, n is the number of PCR cycles, and
E is the mean amplification efficiency. The number of copies of starting
template, X, can be incorporated into the amplification equation as follows:

Y = XA+ E)
The target stand’s melting temperature (7,,) can be calculated as

T, = 81.5+16.6 log\ [SALT] ] 200

— |+ 041(%G + C) — —
1.0 + 0.7[SALT] L

where L = the length of the amplicon in bp. %G + C is calculated using
the formulae

G + C bases in the amplicon

%G + C = X100

total number of bases in the amplicon

and

[SALT] = [K']+ 4[Mg>*1>

In this last equation, any other monovalent cation, such as Na*, if in the
PCR, can be substituted for K*.

There are several methods for calculating the T, of the PCR primers. For
short primers (between 14 and 20nts in length), a quick calculation of
primer 7,, can be performed using the simple equation

T, =2°A+T)+4%G + C)

which takes into account the number of times each nt residue appears
within the oligonucleotide. Another formula frequently used to calculate
T,, is the following:

T, = 81.5°+16.6(log[M ") + 0.41(%G + C) — (500/N)
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where [M "] is the concentration of monovalent cation in the PCR (for most
PCRs, this would be KCI) expressed in moles per liter and N is equal to the
number of nts in the primer. The %G + C term in this equation should not
be expressed as a decimal (50% G + C, not 0.50 G + C). This formula
takes into account the salt concentration, the length of the primer, and the
G + C content. It can be used for primers that are 14-70nts in length. The
most rigorous method for calculating primer 7, is by using nearest-neighbor
interactions:

T, = " AH +16.6 log
AH® — AG° + RT°1n (C)

(SALT)
1.0 + 0.7(SALT)

} —269.3

(SALT) = (K*) + 4(Mg"™)*3

and 7° is temperature (in degrees Kelvin), AH° is the enthalpy change,
AG?" is the standard free-energy change, R is the molar gas constant, and
C is the molar primer concentration.

The concentrations of primer, dNTPs, magnesium, template, DNA polymer-
ase and all other components can be determined by standard dimensional
analysis.

A DNA polymerase’s error rate during PCR amplification can be calcu-
lated as

_UHEPT
(E+1)"

F(n) 100

where F(n) is the fraction of strands with correct sequence after n cycles,
E is the efficiency of amplification, n is the number of cycles, and P is
the probability of producing error-free PCR fragments in one cycle of
amplification in a no-hit Poisson distribution. Calculating probability by
Poisson distribution utilizes the general formula

p= e\

r!

where e is the base of the natural logarithm system and r designates the
number of ‘hits.’” r! (r factorial) designates the product of each positive
integer from r down to and including 1. Here, X in the Poisson equation
P = ¢ ™\'/r! is equal to the DNA polymerase error rate multiplied by the
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length of the amplicon in nts. For the zero (‘no hit” or no errors incorpo-
rated) case, r = 0 and the Poisson equation becomes

b L)*/\)\O
0!

The polymerase chain reaction can be used to quantitate nucleic acids in a
competitive reaction between an unknown template and a dilution series of
known, calibrated template. Linear regression is used to determine the equa-
tion for the line of best fit that can then be used to calculate the equivalence
point, where the starting concentration of target prior to PCR is equal to the
known amount of starting competitor template in the competitive PCR. At the
equivalence point, y in the equation for a straight line (y = mx + b) is set to
zero. Calculating m and b from the regression line allows us to determine x at
y equal to zero. The antilog of x yields the starting number of template copies.
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Chapter

The real-time polymerase
chain reaction (RT-PCR)

Since its introduction in 1983, PCR has found extensive use in a wide range
of applications including gene cloning, gene mapping, mutation detection,
DNA sequencing, and human identification. As discussed in the preceding
chapter, PCR is also a valuable tool for measuring gene expression, and an
example of the technique known as competitive PCR is shown as one of the
methods that can be used to calculate the amount of mRNA made during the
transcription of a specific gene. Since the PCR products synthesized in that
protocol are separated and quantified by gel electrophoresis, the method is
an end point assay. That is, the products are analyzed after the reaction that
makes them has completed. Innovations in both instrumentation and in fluo-
rescent dye chemistry have spurred the rapid development of methods that
can detect PCR products as they are being made, in real time.

A number of real-time PCR methods have been described but two have
emerged as the most popular. One uses a DNA-binding molecule called
SYBR® green, a dye that binds to dsDNA but not to ssDNA and, when so
bound, fluoresces. During the cycling reaction, the sample will produce an
increasing amount of fluorescent signal as more and more double-stranded
product is generated to which the SYBR green dye can attach. The amount
of fluorescence in the reaction at any particular time, therefore, is directly
related to the number of dsDNA molecules present in the reaction. The
downside of SYBR green, however, is that it will bind and fluoresce all
double-stranded products in the reaction whether they are specific prod-
ucts, nonspecific products, primer dimers, or other amplification artifacts.

The other real-time PCR method is known as the TagMan® or 5’ nucle-
ase assay. It uses a dye-labeled probe that anneals to one of the template
strands close to and downstream from one of the two PCR primers. A
fluorescent dye, referred to as the reporter, is attached to the probe’s 5’
end. On the probe’s 3’ end is another molecule, called a quencher, which
absorbs the energy from the light source used to excite the reporter dye.
When the reporter and the quencher are connected to each other through
the intervening probe, the quencher reduces the fluorescent signal of the

Calculations for Molecular Biology and Biotechnology. DOI: 10.1016/B978-0-12-375690-9.00009-7
© 2010 Elsevier Inc. All rights reserved. 2 1 1
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reporter dye. However, during PCR, Tag DNA polymerase, extending the
primer on the probe’s target strand, displaces and degrades the annealed
probe through the action of its 5’ to 3’ exonuclease function. The reporter
dye is thereby released from its molecular attachment to the quencher and
it fluoresces. The more PCR product generated, the more probe that can
bind to that product. The more probe bound, the more reporter dye released
during the amplification process and the more signal generated. Fluorescent
signal, therefore, is directly related to the amount of input template.

Whether using SYBR green or TagMan® probes, the relationship between
signal intensity and the amount of template in a real-time PCR provides a
reliable means to both quantitate nucleic acids and to assay for the pres-
ence or absence of specific gene sequences.

9.1 THE PHASES OF REAL-TIME PCR

In a PCR, the target DNA sequence is amplified at an exponential rate —
one template is replicated into two products, two into four, four into eight,
etc. As a first approximation, that statement is true enough. Exponential
amplification, however, cannot be sustained forever. Usually by the 35th
cycle (but depending on a number of factors), the reaction has slowed its
pace. The primers and dNTPs are no longer in abundant excess, the DNA
polymerase has lost a degree of its activity, complete denaturation becomes
less efficient, and products are broken down by the polymerase’s nuclease
activity. As these events begin to happen, the reaction enters a linear phase
(Figure 9.1), in which the template fails to double completely. Eventually,
by the 40th cycle, the reaction has entered a plateau phase, in which ampli-
fication has all but ceased.

Real-time PCR relies on the ability of the instrument to detect that frac-
tional cycle of amplification where sufficient PCR product has accumulated
to generate a signal above the background fluorescent noise — the signal
at the limits of the instrument’s detection that fluctuates during the early
cycles of the amplification. The PCR cycle number at which signal can be
discriminated from background noise is referred to as the cycle threshold
or, by abbreviation, the Ct value. It is axiomatic in PCR that, all things
being equal (no inhibition or instrument anomalies), the greater the amount
of input nucleic acid used as starting template, the greater the amount of
product that can be made and the sooner it can be detected. So it is with
real-time PCR: the greater the amount of starting template, the sooner the
cycle threshold is reached and the lower the Ct value. This forms the basis
of DNA quantification. For a 100% efficient real-time PCR, the amount of
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B FIGURE9.1 The three phases of a real-time polymerase chain reaction (PCR). The exponential phase
actually begins as early as the third cycle. However, the instrument cannot detect the products generated in the
early cycles. The plot shows PCR cycle number on the x axis and normalized reporter signal (R,) on the y axis.
R, is the ratio of the fluorescent signal intensity of the reporter dye to the fluorescent signal intensity of a passive
reference dye (usually the red dye ROX) present in all reactions.

product doubles each cycle. One makes two, two makes four, four makes
eight, eight makes sixteen, and so on. Likewise, a change in a C value
of one (from a higher to a lower value) represents a doubling of the tar-
get molecule. A change of two Cr values represents a four-fold increase in
the amount of target. A change of three Cr values represents an eight-fold
increase in amplified target, and so on. Mathematically, a fold change in
the Cr value (ACy) is equal to 272CT (ACT = 272€T fold difference).

The Ct value is automatically determined by the real-time PCR instru-
ment’s software but it can also be set manually, in which case the opera-
tor determines a threshold line. The threshold line, whether determined
automatically or manually, defines the Ct value by where it intersects the
amplification curve. The threshold cycle should be designated within that
exponential area of the amplification curve where reaction components
are in an abundant, nonlimiting supply. On the real-time PCR instruments
manufactured by Applied Biosystems, the threshold, by default, is set at



214 CHAPTER9 The real-time polymerase chain reaction (RT-PCR)

ten standard deviations above the mean baseline fluorescent signal gener-
ated during the early amplification cycles (typically between the third and
fifteenth cycle).

L
Problem 9.1 Two DNA samples, A and B, are run in a real-time PCR
experiment in which the -actin gene is assayed. Sample A yields a Cy
value of 21.8. Sample Byields a C; value of 23.2. What is the fold increase
in the amount of target in Sample A over Sample B?

Solution 9.1
The fold increase is given by

Fold increase = 27 2Cr

The ACy, the difference between the two C; values, is
AC; =218-232=—14

The fold increase is then
2780 =27 =91 =264
Therefore, there is a 2.64-fold difference in the amount of amplified prod-

uct in Sample A compared to Sample B.

If the ACy is a positive number - if we had subtracted 21.8 from 23.2 to
give us 1.4 — the exponent would be negative and this would give us a
fraction:

2784 =27 = 0379
Because there is an inverse relationship between the C; value and tem-
plate amount - the lower the C; value, the greater the amount of amplifi-
able template present — to determine the fold increase between the two

samples, we would need to take the reciprocal of the calculated value
(divide 1 by the value) to give the fold increase:

1/0.379 = 2.64

And again, we show a 2.64-fold increase in Sample A over Sample B.
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9.2 CONTROLS

A typical real-time PCR experiment will include several controls. A no
template control (NTC) is a reaction that carries all the reagents, primers,
and probes necessary for a real-time PCR except for the template DNA.
The NTC is used to see whether signal can be generated in the absence of
a target nucleic acid. It can detect contamination and any type of primer or
probe interactions that can produce fluorescent signal that might confound
the results.

An exogenous control is a well-characterized nucleic acid or a synthesized
construct of RNA or DNA spiked into each reaction at a known concen-
tration. It can serve as an internal positive control (IPC) to differenti-
ate between PCR inhibition and a true negative reaction. It is also used to
account for problems of inconsistency that might occur when preparing the
Master Mix. An endogenous control is a nucleic acid present in the prepa-
ration of the target gene that, with the appropriate primers and probe, can
also be detected in the real-time PCRs. It can serve as an active reference
to normalize for any differences in the amount of total mRNA target added
to the real-time PCR.

Real-time PCRs must also be normalized for signal intensity. Normalization,
the correction for fluctuations in signal intensity between what should be
identical samples, is performed at two levels, one to correct for variation in
the concentration of PCR reagents and the other to compensate for differ-
ences in the amounts of RNA isolated from different tissue samples (when
using real-time PCR to measure gene expression). Many real-time PCR
experiments are performed in microtiter plates having anywhere from 48 to
384 wells, each containing a sample and amplification reagents. Pipetting
that many components in parallel can introduce sample-to-sample variation —
some wells may get more or less reagents than others. Differences in com-
ponent concentration between parallel samples can result in variability in
the calculated levels of the genes under study. This variability can be cor-
rected for by including a passive reference within the PCR mix against
which the signal generated during amplification is compared. In the mixes
supplied by Life Technologies, this passive reference is the dye known as
ROX (red to the optics of the ABI instruments). It is called a passive refer-
ence because it neither participates as a necessary component of the ampli-
fication nor does it inhibit it. It merely glows red.

Imagine that you are doing a real-time PCR gene expression experiment
and into one well of the microtiter plate you accidentally place 200ng
of total mRNA isolated from liver cells and into another you place only
100ng of total mRNA isolated from muscle cells. Even if, in actuality, the
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target gene is expressed at equivalent levels in both cell types, it would
appear that the gene in liver cells was expressed two-fold higher than in
muscle cells. Normalization, in which the signal intensity of the reference
dye is divided by the signal intensity of the passive reference dye, can cor-
rect for this discrepancy. This yields a value called R, for normalized
reporter (see Figure 9.1).

9.3 ABSOLUTE QUANTIFICATION
BY THE TAQMAN ASSAY

The goal of absolute quantification is to determine the actual concentra-
tion of a nucleic acid within a sample. That concentration may be expressed
by weight or by copy number but, either way, it requires that a standard
curve be generated from a serially diluted DNA sample having a concen-
tration determined by independent means. If prepared properly, the diluted
standards will yield a straight line when their Ct values are plotted against
the log of the DNA concentration for each dilution. For most applications,
the target on the standard is a single-copy gene — a gene present only once
in a haploid genome. An unknown DNA sample, assayed using the same
amplification primers and TagMan probe as those used for the standard, is
quantified based on its Ct value compared to the standard curve. For the
most accurate results, the concentration of the unknown sample should fall
within the bounds of the concentrations represented by the standard.

9.3.1 Preparing the standards

As the instruments used for data collection are capable of detecting such a
large dynamic range of fluorescent signal, the DNA standard can be diluted
over several orders of magnitude. The following problem will demonstrate
how these dilutions are prepared.

L
Problem 9.2 The Quantifiler™ Human DNA Quantification Kit marketed
by Life Technologies for quantification of forensic DNA samples contains
a human DNA standard with a concentration of 200 ung/pL. The protocol
requires that you make a series of eight dilutions of the standard into
TE buffer. The diluted samples will have DNA concentrations of 50, 16.7,
5.56, 1.85,0.62,0.21, 0.068, and 0.023 ng/pL. You prepare the dilutions by
aliquoting 10 L from one tube into the next for each sample.

a) What is the dilution factor (what fold dilution) is needed to make the
first tube containing DNA at a concentration of 50 ng/ulL?

b) What is the dilution factor of the second tube containing DNA at a
concentration of 16.7 ng/pL?
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c) Into what volume of TE buffer should 10uL of the human DNA stock
solution (at 200 ng/uL) be pipetted to make the first standard having a
DNA concentration of 50ng/uL?

d) Into what volume of TE buffer should 10puL of the 50 ng/uL dilution be
pipetted to prepare the second standard dilution tube so that it has a
concentration of 16.7 ng/ulL?

e) What are the dilutions you will need to make to prepare the entire
dilution series?

Solution 9.2(a)

The stock solution of human DNA has a concentration of 200ng/uL.
A 10uL aliquot of the stock is used to prepare a dilution having a con-
centration of 50ng/uL. To determine the dilution factor, we calculate a
relationship of ratios. We want the number one as the numerator of our
dilution factor expressed as a fraction (rather than as a decimal). We pre-
pare the equation so that it can be stated ‘50 ng/pL is to 200ng/pL as 1 is
to x! We then solve for x:

50ng/pL _ 1
200ng/pL  x

The ng/uL units cancel. Using algebra to solve for x we have:

50x _
200
50x = 200
_200_,
50

The relationship, then, is

50ng/pl _ 1
200ng/pL 4

Therefore, we use a dilution factor of % to make the first standard having
a concentration of 50 ng/pL.

The dilution can also be expressed as a ‘fold’ value. In this case, we divide
the initial concentration by the concentration of the diluted standard:

200ng/pL _ 4
50ng/uL



218 CHAPTER9 The real-time polymerase chain reaction (RT-PCR)

Therefore, we are diluting the stock solution four-fold. We can also say we
are making a‘4X’ dilution of the stock.

Solution 9.2(b)

The dilution factor used to prepare a concentration of 16.7 ng/pL from
a 10pL aliquot taken from the first dilution (at 50 ng/pL) is calculated by
solving for x in the following equation.

16.7ng/pL 1
50ng/pL %
16.7x
50
16.7x = 50
50
vl
We then have
16.7ng/pL 1
50ng/pL 3

Therefore, we use a dilution factor of %4 to make the 16.7 ng/uL standard
from an aliquot of the 50 ng/pL standard.

Solution 9.2(c)

We are going to take 10uL from the stock DNA solution having a concen-
tration of 200ng/pL and dilute that into a volume of TE buffer to make a
standard with a concentration of 50 ng/uL. We calculated in Solution 9.1(a)
that we are going to make a ' dilution. We can calculate the volume of TE
needed in our second dilution tube by preparing a relationship of ratios
that states ‘1 is to 4 as 10pL is to xpL! We then solve for x:

1
4
X
n
x=10X4 =40

Therefore, 10pL of the 200ng/pL DNA stock solution should go into a
total volume of 40pL. Thirtypul of TE should be placed into the first dilu-

tion tube and 10L of the 200 ng/pL DNA standard should be added to it
to make a standard having a concentration of 50 ng/puL.
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We could have also solved this problem by using the more general formula

0L
200ng/uL % 1M — 50 ng/L
X pL

and then solve for x:

2000ng/pL _ 50ng/uL
X
2000ng/pL = (50 ng/pL)x
2000 _ o _ 40
50

Both methods tell us that the first dilution of our standard should have a
final volume of 40 L.

Solution 9.2(d)

We are going to take 10pL of the first dilution having a concentration
of 50ng/pL into a volume of TE such that the DNA concentration in this
second standard tube has a concentration of 16.7 ng/uL. We have already
determined in Solution 9.1(b) that we need to dilute the first standard
by . To determine what volume of TE should be in the second dilution
tube, we can set up a relationship of ratios as we did in Solution 9.1(c):

1_10pL

3 xpulL

X _10

3

x =10X3 =30

Therefore, the final volume of the second dilution having a DNA concen-
tration of 16.7 ng/uL should have a final volume of 30pL. We will need
to put 20 L of TE into this second tube and we will add 10uL of the first
standard to it to make a final volume of 30 L.

Solution 9.2(e)

We need to prepare a set of standards having DNA concentrations of 50,
16.7, 5.56, 1.85, 0.62, 0.21, 0.068, and 0.023 ng/uL. We have determined
in the steps described above that the first two standards in the series are
made by taking 10pL of the DNA stock solution (at 200 ng DNA/pL) into
30pL TE and then aliquoting 10pL of the first standard into 20pL of TE
to make the second. Dividing the concentration of each standard by the
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concentration of the next higher standard, we see that each standard fol-
lowing the second requires a 3X dilution:

167 _ 556 _ 185 062 _, 021 _ 0068

556 185 062 021 0068 ~ 0023

Therefore, since each standard including and after the second one
requires a % dilution and since we are transferring 10pL between each
one, our dilution series will be:

10|LLX10uLX10uLX10uLX10uLX10uLX1OuLX1O|LL
40pL  30pk  30pk  30pL  30pk  30pL 30pL 30pL

200 ng/pL X

ng/plL: 50 167 556 185 062 021 0.068 0.023

9.3.2 Preparing a standard curve for quantitative
polymerase chain reaction (qPCR) based on
copy number

Some quantitative real-time PCR experiments are performed to determine
how many copies of a specific gene are present in an unknown sample.
This type of quantification requires the creation of a standard curve based
on gene copy number. The gene copy number for the unknown is derived
from its Ct value and extrapolation from a standard curve of Ct vs. number
of gene copies. The gene used for quantification in the DNA sample used
as the standard should be present only once (in a single copy) per haploid
genome. For human DNA, any number of single-copy genes can be used
for this purpose including RNaseP, Factor IX, plasminogen activator inhib-
itor type a, DNA topoisomerase I, and dihydrofolate reductase, among oth-
ers. Creating a standard curve requires that we know the size, in bp, of the
genome we are using as the standard. (Genome sizes can be found on the
website cbs.dtu.dk/databases/DOGS/index.html, maintained by the Center
for Biological Sequence Analysis.)

L
Problem 9.3 We will generate a standard curve of human DNA in which
samples contain 500000, 50000, 5000, 500, 50, and 5 copies of RNaseP,

a single-copy gene. What amount of human DNA, by weight, should
be aliquoted into a series of separate tubes such that each contains the
desired number of copies of the single gene?
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Solution 9.3

Since the DNA of the single-copy gene is a part of the human genome and
since the easiest way to measure out a genome is by its weight, we will
need to determine how much the human genome weighs. First, we will cal-
culate the weight of a single bp using Avogadro’s number and the molecu-
lar weight of a bp, which we will take to be 660 g/mole:

—21
% 660 g/mole % 1mole 109 X10 “'g

16 =
P bp 6.023 X 10% bp bp

Therefore, one bp weighs 1.096 X 10~2' g. We can now calculate the weight
of the human genome, which we will take to contain 3 X 10°bp:

1.096 X 10 %' g

3x10° bp X
bp

=33x%X10 "?g

Therefore, the human genome, 3 X 10°bps in length, weighs 3.3 X 10712
grams (g). We can convert this to pg (1 X 107'2g), a more convenient unit
to work with for such a small amount, as follows:

><1><1012pg

33x10 g =33pg

Therefore, the human genome weighs 3.3 pg. This represents the weight
of the haploid genome - the genome composed of 23 chromosomes
as found in the sperm or egg. A single-copy gene would be present
only once in a haploid genome but twice in a diploid genome, as found
in all the other human body cells having a nucleus. For the standard
curve, therefore, 3.3pg of human DNA is equivalent to one copy of a
single-copy gene.

We can now calculate how many pg of human DNA we will need for each
sample making up our standard curve, as follows:

. NA
500 000 gene copies X 33PgDNA _ 4 65 %108 pg DNA
gene copy
50 000 gene copies X 33P9DNA _, 65 10° pg DNA
gene copy
3.3pg DNA

5000 gene copies X = 1.65 X 10* pg DNA

gene copy
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. DNA
500 gene copies X 33pg DNA _ 1650 pg DNA

gene copy

50 gene copies X 33pgDNA _ 165pg DNA
gene copy
. DNA

5 gene copies X 33pg DNA _ 16.5pg DNA
gene copy

Therefore, the tube for 500000 copies of RNaseP should receive 1.65 X 10°pg
of human DNA, the tube for 50000 copies of RNaseP should receive 1.65 X
10° pg of human DNA, and so on, as shown in the calculations above.

L
Problem 9.4 Continuing with the experiment described in Problem 9.3,
we will place 10pL of each diluted standard into a real-time PCR.

a) What will be the concentrations of human DNA in the dilution series
such that we will be pipetting the desired number of copies of RNaseP
into each reaction?

b) The stock solution of human DNA has a concentration of 2 pg/uL. How
should the stock solution be diluted such that each dilution, when it is
prepared, has a final volume of 200 uL?

Solution 9.4(a)

In Solution 9.3, we calculated the weight of human DNA representing each
copy number standard from 500000 down to 5 copies of RNaseP. We will
create a dilution series spanning these amounts and, from those tubes, we
will aliquot 10 L from each into 50 pL real-time PCRs. To calculate the con-
centration of each dilution tube such that 10pL contains the desired num-
ber of copies, we divide each weight calculated in Solution 9.3 by 10:

For 500000 copies, we have

65 % 10°
195441948g==165000pg/uL
10pL
For 50000 copies, we have
65X 10°

10pL
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For 5000 copies, we have

65 % 10*
10pL
For 500 copies, we have
1650 pg
= 165pg/pL
10pL P
For 50 copies, we have
165pg _ 16.5pg/pL
10pL
For 5 copies, we have
16.5pg
= 1.65pg/pL
10pL Pk

Therefore, the dilution series should have the concentrations shown
above so that, when 10pL is pipetted from each one, it will contain the
desired number of gene copies, from 500000 to 5.

Solution 9.4(b)

The stock solution of human DNA has a concentration of 2 ug/pL. We first
need to convert the units of concentration to pg/pL to match with the
units we have calculated for our dilution series:

2ug 1X10°pg _ 2x10°pg
pL g L

Therefore, 2 pg/pl is equivalent to 2 X 10° pg/ul.

Since each dilution, from 165000 to 16 500 pg/uL, from 16500 to 1650 pg/pL,
and continuing down stepwise to 1.65 pg/pL, represents a 10X dilution (a o
dilution factor), we should be placing 20 L of the next highest dilution into
a total volume of 200l water to make those dilutions (as shown by a rela-
tionship of ratios below):
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Therefore, each dilution (except for the first) is made by aliquoting 20 L
from the previous dilution into a total volume of 200pL of water (or
buffer) to make the next dilution.

We now need to calculate how much of the DNA stock solution at 2 pg/pl
we should aliquot into a total volume of 200 L to make a DNA concentra-
tion of 165000 pg/pL for the first dilution.

2><106ng xpl _ 1.65x10° pg
pL 200 pL pL

Solving for x gives us the aliquot to be diluted into a final volume of 200 pL:

(2% 10%pg)(x) _ (1.65 X 10° pg)(200)

pL pL

3x107
(o330
2X10

Therefore, to make the first dilution, we aliquot 16.5pL from the DNA
stock solution having a concentration of 2 pg/plL into 183.5 L of water to
give a final volume of 200 L and a concentration of 1.65 X 10° pg/pL. We
make 10-fold dilutions for all the remaining standards as follows (the con-
centrations in pg/pL appear below each dilution):

16.5},LLX 20pL % 20pL % 20pL % 20 pL % 20pL
200pL  200pL  200pL 200pL  200pk  200pL

2pg/pl X

stock 1.65X10° 1.65x10* 1650 165 165  1.65

Taking 10uL from each dilution into a real-time PCR will deliver the
desired number of copies calculated above. Shown below is the proof of
that statement for a 10 pL aliquot taken from the first dilution:

65%10° 65X 10° i
1.65 X 10° pg % 1gene copy X104l = 1.65 X 10° gene copies
pL 3.3pg 33

= 500 000 gene copies

9.3.3 The standard curve

The real-time PCR instrument’s software can present the analysis of the
standard curve in several different formats. Figure 9.2 shows the ampli-
fication curves for the human DNA dilution series used in the Life
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B FIGURE9.2 Anamplification plot of R, ( axis) vs. cycle number (x axis) for the Quantifiler™ Human DNA
Quantification Kit showing the relationship between DNA amount and fluorescence; higher DNA concentrations
show fluorescent signal earlier. The group of shallow curves in the lower right corner of the plot is contributed by
an internal positive control (IPC) assayed using its own unique set of primers and probe.

Technologies’ Quantifiler™ Human DNA Quantification Kit. Real-time
PCRs were run for each dilution in duplicate. The leftmost curve represents
the amplification kinetics of the TagMan assay for the 50ng/pL dilution,
and the rightmost curve that for 0.023 ng/pL. Curves for 16.7, 5.56, 0.62,
0.21, and 0.068 ng/pL dilutions lie between them. These curves show the
relationship between DNA template amount and Cy value: the higher the
DNA concentration, the earlier that signal can be detected and the lower
the Cr value. The green horizontal line is the threshold value determined by
the instrument’s software. The Ct value for each dilution is the fractional
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W FIGURE9.3 Aplot of Delta R, vs. cycle number for the standards of the ABI Quantifiler™ Human DNA
Detection Kit analyzed on an Applied Biosystems 7500 Real-time PCR System. Delta R, is the change in
normalized reporter signal (R, minus baseline).

cycle number where the plot of Delta R, (the change in normalized reporter
signal) on the y axis vs. cycle number on the x axis intersects the threshold.
The threshold and, therefore, the Ct value, should always fall within the
exponential phase of the amplification reaction. A baseline is determined
in the early part of the run, usually between the third and fourteenth cycles,
where there is little change in fluorescent signal. Figure 9.2 also shows a
group of curves of lower magnitude (in the lower right corner of the plot)
intersecting several of the curves of the standard. These are contributed by
an IPC spiked into each real-time PCR assay for the purpose of detecting
reaction inhibition that might be carried into the reaction as a contaminant
of the template DNA prep.

Figure 9.3 shows the same data plotted as the delta R, (the normalized
reporter minus baseline fluorescence on the y axis) vs. cycle number (on
the x axis). The green line on this plot represents the threshold automati-
cally set by the software — at a point that is above the baseline but suffi-
ciently low enough on the amplification curve to be within the exponential
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B FIGURE 9.4 Amplification plot for the dilution series of the Quantifiler™ Human DNA standard. The
polymerase chain reaction (PCR) primers and probe target the telomerase gene. Shown are the phases of the
PCR (exponential, linear, and plateau); the background fluorescent signal; the baseline; and the threshold where
fluorescent signal, within the exponential phase of amplification, can be distinguished from background noise

phase of amplification. The intersection of the threshold line with the
amplification curve defines the Cr. Figure 9.4 shows the features of the
amplification plot labeled.

9.3.4 Standard deviation

The standard deviation (abbreviated as s) is the most commonly used
indicator of precision — how close experimental values are to one another.
For a series of experimental outcomes, it is an indication of the variability
of that dataset about the mean (average) value. A small standard deviation
indicates that the values are all close to the mean. A large standard devia-
tion indicates that many of the data points are far from the average value. If
preparing multiple trials for a single sample, the standard deviation value
can give an indication of how careful you are with your experimental tech-
nique. A high value can point to pipetting errors between samples.
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Standard deviation is calculated using the equation

> (- %)
§= .|
n—1
where X is the mean (or average) value, x is the value of a sample, ¥
denotes summation, and »n is the number of replicate samples.

As a rule of thumb, about 68% of the values of replicate samples will fall
within one standard deviation of the mean of that dataset, about 95% will
fall within two standard deviations of the mean, and about 99.7% will fall
within three standard deviations.

L
Problem 9.5 Figure 9.5 shows a report generated by the Sequence
Detection System (SDS) software on Life Technologies 7500 Real-Time PCR
System. The report shows the Cy values determined for each dilution of the
human DNA standard and the standard deviation of those C; values for
each concentration of standard. Use the values for the 50 ng/uL standard
to show that the software-calculated standard error of 0.0397 is correct.

Solution 9.5

The 50 ng/pL standard (‘std 1'in Figure 9.5) was run in duplicate. The soft-
ware determined that those two samples had C; values of 22.88 and 22.93
cycles. The mean value for these two samples is

22.8784 + 22.9345
2

458129

2

= 22.90645

X =

We will now calculate the sum of the squares of each value minus the
mean divided by n — 1 (this value is also known as the variance):

n—-1 2-1
(0.02805)% + (0.02805)?

1
= 0.0007868 + 0.0007868 = 0.00157361

3 (x — X (22.8784 — 22.90645)% + (22.9345 — 22.90645)*
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Placing this value into our equation for the standard deviation yields

s =+/0.00157361 = 0.0397

This standard deviation value matches that in the table of Figure 9.5 for
‘std 1! This value has units of cycles.

Selup ¥ Insturnent ¥ Results '\
Plate ¥ Spectra ¥ Component ¥ Amplification Plot ¥ Standand Curve ¥ Dissociation ¥ Report \

Well | Sample Hame | Detector | Task | ct | swpevcr | ouantity
i std 1 PC Unknown 204136 0.065
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B4 gbel 2 Q Standand 24 4564 D564 16.7
BS shel 2 P Lrikfucna 26 2687 D.0TDE
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W FIGURE9.5 A G report of duplicate dilutions of the human DNA standard from 50 ng/p.L down to
0.0023 ng/puL. DNA concentrations. The table shows on which well position of a 96-well plate each sample was
run, the sample name (std 1at 50 ng/pul to std 8 at 0.0023 ng/puL), the detector (the sample being assayed,
either'Q'for a quantifiler standard orIPC’ for an internal positive control), the task denoting the nature of the
sample, the C; value, the standard deviation of the C; values for each dilution (‘StdDev ('), and the quantity of
DNAin ng/pul.
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9.3.5 Linear regression and the standard curve

In Chapter 5, we used a standard curve and linear regression analysis to
calculate the concentration of DNA stained with PicoGreen. In the example
provided, regression analysis was performed using Microsoft Excel. The
real-time PCR software also performs regression analysis when plotting
the log of the DNA concentration (on the x axis) vs. the Cy value for each
dilution (on the y axis). The line of best fit is determined and written as
the general equation y = mx + b. The analysis software provides the line’s
R? value as well as its slope () and its y intercept (b). Figure 9.6 shows
the standard curve generated for a run using the Applied Biosystems’
Quantifiler® assay, in which a slope of —3.287829 and a y intercept of
28.518219 are calculated.

The R? value, the correlation coefficient, is a measure of how closely the
data points fall on the regression line. If the data points are all on the line,
the R? value will be close to one. When that is the case, the Cy value (on
the y axis) accurately predicts the DNA concentration (on the x axis). If the
R? value is zero, then a value on one axis cannot predict the value on
the other. If the R? value is greater than 0.99, you can have confidence that
the Cr value will reliably predict the DNA concentration.

Note: PCR efficiency should be evaluated using a minimum of three rep-
licates of each concentration of diluted standard. Only two replicates are
used in this example for reasons of space.

L
Problem 9.6 Use the values for the slope and intercept shown in
Figure 9.6 to show that the software-calculated DNA concentration of
0.676031 ng/pL for Evidence Item 1 (shown in Figure 9.7) is correct.

Solution 9.6

The general equation for the regression line plotting the standard curve
is y = mx + b, where y is the Cy value for a sample, m is the slope, x is the
log of the DNA concentration, and b is the y intercept. The slope, m, for
the standard curve shown in Figure 9.6 is —3.287829. The y intercept is
28.518219 cycles. As shown in Figure 9.7, Evidence Item 1 in this assay has
a Cyvalue of 29.0773 cycles. Placing these values into the equation for the
regression line gives

y =mx+b
29.0773 = (—3.287829)x + 28.518219
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