Lesson 1: Biochemistry Basics and Quikchange

→ Why are we studying the dynamics of stathmin?
The Bridges Lab is interested in studying the folding / unfolding dynamics of the protein stathmin because
stathmin is a model example of an ‘intrinsically disordered protein’ (IDP).
IDPs are naturally unfolded proteins (i.e., have no ‘native fold’), and they have been implicated in disease: e.g.,
prions in Mad Cow disease, α-synuclein in Parkinson’s disease, β-amyloid in Alzheimer’s disease.
Understanding the basic equilibrium dynamics of stathmin helps us to understand IDPs as a general class of
protein, and this can aid in the development of cures of diseases related to unfolded, misfolded, and aggregated
proteins.

Hypothesized folding equilibrium of Stathmin in solution

↑ Stathmin folds into a long helix
upon binding with four tubulin subunits

← Neurons surrounded by amyloid
plagues, inducing the symptoms of
Alzheimer’s.

Progress!
http://www.bbc.co.uk/news/health16945466
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→ Protein basics – Amino Acids, Protein Structures, Functions
Proteins are an important functional part of life. They are essentially polymerized and folded chains of amino
acids (a.k.a. polypeptides). This polymerization occurs through ‘dehydration’ (the generation of a water
molecule).

OR

General amino acid structure
A short polypeptide of Ser-Gly-Tyr-Ala-Leu

Generation of a di-peptide

There are 20 natural amino
acids on our planet.

What distinguishes them
from one another is their
different “R” groups.

The chemical properties of
these various R groups leads
to their categorization.

Non-polar, polar, aromatic,
cationic, and anionic are the
categories typically used for
amino acids.
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→ Protein basics … continued
Depending on which favorable or unfavorable interactions exist between adjacent amino acids, two common
structures can spontaneously form in proteins: the alpha-helix or the beta-sheet. These form primarily due to
hydrogen-bonding interactions (see below) between the backbone NH and CO groups of different amino acids.

There are three (or four) levels of structure in proteins: Primary, Secondary, Tertiary (and sometimes Quaternary).

Primary structure is that of the sequence of amino acids. If a polypeptide was laid out in a straight line, this would
be the order of amino acids from the N-terminal end to the C-terminal end.
Secondary structure is from the formation of 𝛼-helices and 𝛽-sheets in the peptide backbone.

Tertiary structure is the folded state of the protein (most folded proteins are termed ‘globular’). Note that sections
of a protein that are very far apart in the primary structure can be right next to each other in 3D space.
Quaternary structure exists when multiple individual proteins complex together into one structure. Note that the
subunits are typically held together by interactions, not bonds.
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→ Protein basics … continued
Proteins are typically well-folded, but are fluidly dynamic (their ‘bonds’ constantly break and reform due to
collisions with the surrounding water molecules). This constant shape change lead to their functionality as
enzymes, receptors, antibodies, etc. This is termed conformational equilibrium.
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→ Protein basics … continued

There are many important interactions that hold proteins together (and that sometimes make them fly apart!):
Hydrogen bonding, the hydrophobic effect, ionic interactions, aromatic stacking, and disulfide linkages.

Hydrogen Bonding is one of the two interactions with the strongest impact on protein stability (the other being
the hydrophobic effect).

Hydrogen bonding in Ice and in Water

Hydrogen bonding is essentially the sharing of a hydrogen atom between two electronegative atoms. They are
strongest when linear, less strong at an angle. Referring back to the 𝛽-sheet diagram, which is stronger: parallel or
anti-parallel?)
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→ Protein basics … continued

The Hydrophobic Effect is the second strongest
interaction holding proteins together.
It arises from the mutual hatred for water of some
amino acid side chains (e.g., CH2, CH3, and
aromatic groups). These side chains would rather
cluster together than be apart, this way they exclude
the maximum amount of water possible.

Ionic Interactions (Coulombic attraction or repulsion) arise from charged amino acid side chains attracting or
repulsing water molecules or one another, thus holding together or driving apart certain sections of the protein.

Cysteine-cysteine Disulfide Linkages are common in proteins, and result in cross-linking of adjacent sections of
a protein (making the tertiary structure much more stable). Aromatic Stacking, on the other hand, is not very
common in proteins, but leads to the high stability of DNA’s double helix (discussed later).
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→ DNA Basics – Nucleotides, Structure, and Complementarity

Deoxyribonucleic Acid (DNA) and its cousin Ribonucleic Acid (RNA) are made up of polymers of nucleotides.
A nucleotide is made up of a base (adenine, guanine, cytosine, thymine/uracil), a sugar (deoxyribose in DNA,
ribose in RNA), and a phosphate group.

A nucleotide (here for RNA because the sugar is ‘ribose’)

The nucleotide bases are subcategorized into
‘purines’ and ‘pyrimidines’:
Purines: Adenine and Guanine – double rings
Pyrimidines: Cytosine and Thymine (Uracil)

The nucleotide bases of adjacent strands
hydrogen bond to one another, leading to the
‘double’ part of the DNA “double helix”.

The rings of the nucleotide bases aromatically
stack, leading to the ‘helix’ part of the DNA
“double helix”.

The hydrogen bonding of nucleotide bases follows the strict rule that Adenine (A) can only pair with Thymine
(T), and that Guanine (G) can only pair with Cytosine (C).
→ So, remember: A-T and G-C!
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→ DNA Basics … continued

The polymerization step of nucleotides into DNA (or RNA) is
through dehydration (phosphate to sugar).

The third carbon of the sugar ring bonds directly to the
phosphate attached to the fifth carbon of the sugar ring.
Something you will hear often mentioned when talking about
DNA and RNA are the five-prime (5′) and three-prime (3′) ends.

The 5′ end is the beginning of a strand of DNA, thus we read DNA
sequences 5′ 𝑡𝑜 3′.

As mentioned above, base pairing is always AT and GC. Two
polynucleotide strands that have the proper pairing (i.e., are
‘complementary’) will form the DNA double helix.

Three H-bonds for GC and two H-bonds for AT… Which is a stronger interaction?
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→ DNA Basics … continued

The DNA double helix:
→ Is found in the nucleus. This is the basic storage form of DNA.
→ Is copied by “replication”, requiring that it unwinds so the enzyme
‘polymerase’ can copy each strand through complementarity.
→ When uncoiled, DNA can also be read/copied (“transcription”),
which leads to protein expression (“translation”).
→ The 3′ 𝑡𝑜 5′ template strand (the “sense” strand) is copied through
complementarity (U instead of T) as mRNA, which is shuttled out
of the nucleus to the ribosome.
→ The 5′ 𝑡𝑜 3′ non-template strand (the “anti-sense” or “coding”
strand) is exactly equal to what the mRNA should look like, except
Uracil is in the place of all Thymines.

The DNA double helix →

DNA Replication
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→ DNA Basics … continued

Why copy the sequence found in DNA (as mRNA) and shuttle this code outside of the nucleus?
→ Ribosomes (factories that ‘read’ mRNA and ‘manufacture’ proteins) are found outside, in the cytoplasm.

How is this mRNA code deciphered?
→ Each cluster of three bases is a sub-portion of the code. Each three bases is known as a codon, coding for a
particular amino acid. The ribosome has the decryption key, and it decodes the sequence of nucleotides, three-bythree, producing a long chain of amino acids (which typically folds as it is produced into a globular protein).

→ AUG signals the start of transcription, and UAA/UAG/UGA signal “stop”
→ If dealing with DNA, replace the above “U”s with “T”s
→ What are the codons for Cysteine?
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→ DNA Replication

DNA is copied (replicated) in the nucleus by the enzyme “DNA polymerase” as it is uncoiled by the enzyme
“helicase”. In bacteria, which have circular rings of DNA (not chromosomes), replication would look like this:

One polymerase molecule works on each strand (starting at the origin of replication), in each direction (four
total!). Replication on the lagging, template strand is far more complex than that of the leading, coding strand.

Biochemists use the enzyme DNA polymerase in the technique of PCR!
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→ DNA Transcription

Immediately preceding all genes (each ‘gene’ codes for one protein)
in the DNA strand is a section called the ‘promoter’ region. As long
as the promoter region is activated, transcription can take place.

Control of a gene’s promoter region equals control of the expression
of the gene itself. The cell thus regulates gene expression through
these promoter regions (turning genes on and off).

RNA polymerase is the enzyme in charge of transcribing the DNA
strand into mRNA. Once mRNA is produced, it leaves the nucleus
and heads to a ribosome.

But that’s not all that is in charge of gene expression!
In addition to promoters, there are also operators which can block
transcription, such as the Lac operon. When expressed, the Lac
repressor protein binds to two operator regions, blocking
transcription.
In order to get the Lac repressor to fall off, a particular type sugar must be present. In the lab, we use IPTG
(Isopropyl β-D-1-thiogalactopyranoside) to induce protein expression, because it has this effect on the Lac
repressor protein, by changing its conformation.
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→ mRNA Translation

Once the DNA is transcribed into mRNA, and the mRNA has
traveled out of the nucleus to the ribosome, there is a complicated
mechanism is undertaken to translate the nucleic acid sequence
into a protein.

http://www.youtube.com/watch?v=5bLEDd-PSTQ
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→ Plasmids

As mentioned before, bacteria such as E. coli do not have chromosomes, but instead have large and small circular
rings of DNA. The large ring is essentially their entire genome, called cDNA.

Below is the entire E. coli genome, found on one large ring of DNA:

The small rings are called plasmids (typically house 1-2 genes, often received from friends – it is a major
evolutionary advantage, being able to share successful genes like this!)
Plasmids are much smaller than cDNA.
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→ Plasmids … continued

As biochemists, we synthesize/create plasmids that
contain our gene of interest (in our case, the gene
coding for stathmin) using a technique called cloning.

Also included on that plasmid is resistance to a
particular antibiotic (in our case, ampicillin).

→ So, any bacterium that takes up our specially
designed plasmid will: 1) be resistant to ampicillin,
and 2) be able to produce the protein stathmin when
we feed it IPTG!

This is called Recombinant Gene creation.

← An example plasmid, ready for the
incorporation of a gene (at the ‘cloning sites’).
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→ Mutagenesis

In the Bridges lab, to study stathmin we need to create
cysteine mutants of it. I’ll explain why in a later lesson,
but long-story-short, we attach our EPR probe to the
cysteine side chain; since we want to study particular
sections of the protein, we mutate an amino acid in those
sections to cysteine, and study away!

So, we have to change one triplet codon from a native
amino acid (of the ‘wild type protein’) into a mutated
amino acid. Cysteine is either TGC or TGT.

There are two methods to create mutants in recombinant
plasmids: 1) cloning of the whole gene, or a large
section of the gene, and 2) Quikchange mismatch.

Cloning large fragments in and out of plasmids is often
difficult and expensive, so the Bridges lab employs the
second technique.

In ‘Quikchange’ we first design a short DNA primer,
synthesized for us by a company, that will incorporate
our desired mutation.

The role of the primer is to be almost 100% complementary to a short sequence of the native gene, where the only
part that doesn’t match is our desired mutation.
→ We mix the primer with the wild type plasmid, hoping that they anneal together at the right temperature, then
we throw in DNA polymerase and some spare nucleotides and the enzyme will copy the rest of the plasmid
onto the ends of the primer.
→ We then melt the complex, and the DNA polymerase creates complementary strands to each half-plasmid (one
of which contains our mutation, the other is wild-type). This is the “PCR” technique.
→ Repeat many times, and theoretically we will get many copies of the wild type and the mutant plasmid.
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→ PCR / Thermal cycling

The polymerase chain reaction (PCR) technique is often used for the
cloning of genes or site-directed mutagenesis.

Starting with DNA, one:
1) Melts the strands with heat.
2) Primes the section to be copied (using synthetic primers)
3) Employs DNA polymerase to finish the primer such that it
completes the whole gene or plasmid based on the
complementary strand.
4) Repeat for many copies.

The DNA polymerase used is really interesting! It comes from a
thermostable aquatic bacterium that lives at the bottom of the ocean
next to thermal vents. … Why? Because regular DNA polymerase is
way too slow to use for PCR, and heating the enzyme up would make
the reaction go faster if the enzyme didn’t fall apart. DNA polymerase
from Thermus aquaticus is stable at extremely high temperatures!

http://en.wikipedia.org/wiki/Thermus_aquaticus
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→ PCR / Thermal cycling … continued

We use a device called a “thermal cycler” in mutagenesis to do the PCR steps, because it involves very many
quick, repeated temperature changes.

→ Primers + Quikchange
We must design primers before we can create our mutants using PCR. Once these primers arrive, we follow the
“Quikchange” protocol.
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Primer Design Guidelines
•

Both mutagenic primers (sense/forward and antisense/reverse) must contain the desired mutation and
anneal to the same sequence on opposite strands of the plasmid.

•

Primers should be between 25 and 45 bases in length, with a melting temperature (Tm) of ≥76°C. Primers
longer than 45 bases may be used, but using longer primers increases the likelihood of secondary structure
formation.

•

The following formula is commonly used for estimating the melting temperature, Tm , of primers:

 41 × (# GC ) − 675 − 100 × (# MM ) 
Tm = 81.5 + 

N


where,
N

=

primer length, in bases

#GC

=

number of Gs or Cs in primer

#MM

=

number of mismatched nucleotides in primer

•

For the sense primer (5’ to 3’ on coding strand), start approximately nine bases to the left of desired
mutation site, going left to right. For the antisense primer (3’ to 5’ relative to coding strand, 5’ to 3’ on
template strand), start approximately nine bases to the right of the mutation site relative to the coding
strand, and work right to left. Make sure when ordering primers, you order 5’ to 3’ sequences in both cases,
the antisense strand being the reverse compliment of the coding strand.

•

G+C content of the primers should be no less than 40%. Make sure each end of your primers terminate with
at least one G or C.

•

To convert nanograms of oligo to picomoles, use the following equation:

ng of oligo
× 1000 = X picomoles of oligo
330 × (# of bases in oligo)
•

Also note the following relations:

1

nmol
mmol
=1
= 1mM = 1000 µM
L
µL
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QuikChange Site-Directed Mutagenesis

7/8/2012 Version

Materials needed:
-

10x PFU Ultra reaction buffer
(Freezer, in Cold Block)
dsDNA template (e.g., Wild-Type plasmid) at 30 ng/µL
oligonucleotide primer #1 (e.g., forward primer)
Dissolve DNA in IDT tube to 1250 ng/μl (~350 μl H20)
oligonucleotide primer #2 (e.g., reverse primer)
80 μL aliquots of 2.5 mM dNTPs
ddH2O
PFU Ultra Polymerase (2.5 U/μL)
(Freezer Shelf, in Cold Block)
Dpn I Restriction Enzyme (10 U/μL)
(Freezer Shelf, in Cold Block)

1) Prepare sample reactions as indicated below:
5 μL
1 μL
1 μL
1 μL
5 μL
36 μL

10x PFU Ultra reaction buffer
dsDNA template (at 30 ng per microliter)
forward oligonucleotide primer (at 125 ng per microliter)
reverse oligonucleotide primer (at 125 ng per microliter)
2.5 mM dNTP mix (from 80 µL aliquot)
ddH2O to a final volume of 49 μL

***Then add 1.0 μL of PFU Ultra DNA polymerase and mix gently and thoroughly***
2) Run samples in thermal cycler as follows (Program #06 = “MDB Test”):
Segment
Cycles
Temperature
1
1
95oC Initial Denat.
95oC Denaturation
2
20
60oC Anneal
72oC Extension
72oC Final Extn.
3
1
4oC Hold
*Re: Stathmin-MBP fusion protein, extend for ~8 minutes.

Time
5 minutes
30 seconds
30 seconds
~60 seconds/kilobase*
10 minutes
“Hold”

3) After temperature cycling, place the reaction on ice for 5 minutes, or it can be frozen overnight.
4) Add 1 μl of the Dpn I restriction enzyme directly to each amplification reaction and gently and thoroughly mix
each reaction mixture. Immediately incubate each reaction at 37°C for 1 hour to digest the methylated parental
plasmid DNA. Can also be frozen overnight after this step.
5) Transform into Nova-Blue competent cells and plate for mini-preps, overnights, then sequencing.
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Lesson 2: Recombinant Expression

→ Getting the Plasmids into Bacteria

Once we have performed PCR / site-directed mutagenesis on our once-wild-type plasmid, we need to get it into E.
coli bacteria. This is done by the technique of transformation, which we will discuss in detail in a later lesson.
In short:
-

We don’t know how transformation really works, we just know it does work.

-

We can chemically or thermally shock the E.
coli cells, which causes them to take up plasmids
from the surrounding environment.

-

After the shock, we spread the cells on an
Agarose plate containing both LB medium and
Ampicillin. Cells that took up our plasmid
intrinsically have AMP resistance, those that
didn’t take up the plasmids die.
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→ Bacterial Cell Culture Lines

An E. coli cell that is competent is one that has the ability to take up DNA from the surrounding environment
(that is, one that can be transformed). The Bridges lab uses two different strains of competent cells for two very
different jobs:
DNA Production: 5-alpha (or Nova Blue, or XL1 Blue) competent cells are all examples of patented competent
cell lines (from different companies) that are useful after cloning and PCR operations. They are excellent DNA
replicators, and terrible at protein expression. After PCR we will transform the PCR product into these cells to
make many copies of our attempted mutant plasmids for DNA sequencing.
Protein Expression: BL21(DE3) cells are specially ‘bred’ to be extremely efficient protein factories. Once our
DNA sequences come back and if our mutants are confirmed to be successful, we transform the same DNA into
DE3s so that we can then express our new mutant for research.

→ Note: Expression of our Protein using the T7 Promoter

BL21(DE3) competent cells are a special type of protein-expresser: they have been genetically engineered with a
very efficient RNA polymerase, downstream of a promoter that is strongly activated by IPTG.

Those that want to use BL21(DE3) cells for expression must ensure that their plasmid has T7 promoter and
terminator sites, otherwise you won’t get any expression.
TAATACGACTCACTAT = T7 Promoter

CCGCTGAGCAATAACTAG = T7 Terminator

Basic steps of protein expression:
1) Take a colony from a plate of DE3s, grow that in a small volume of LB-AMP media overnight (the cells
grow to “density”, the carrying capacity of the culture).
2) The next morning this “overnight culture” is poured into a shaker flask containing 1 L of LB-AMP, and is
allowed to grow for 4 hours (almost to density, but not quite).
3) Once the cells have reached this density, one adds IPTG, inducing the expression of stathmin. The E. coli
stop dividing and only focus on making the protein.
4) When satisfied that enough stathmin has been produced, one pellets the cell culture using a centrifuge,
killing the cells and separating them from the media.
→ Ready for purification.
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Fusion-Stathmin Purification
Assumed that plasmid used has Ampicillin resistance.
Day 1: Overnights of DE3+Stathmin-transformed cells
1)

Prepare and autoclave all needed LB medium (25 g/L) for growth (add AMP once cool):
25 mL LB per ‘overnight’ (usually prepare 1 full liter LB/AMP in bottle).
1 L LB per ‘four-hour’ (1 liter medium in a 2 liter Erlenmeyer/shaker flask).

2)

Prepare Ampicillin and IPTG if no frozen aliquots available. Recipes:
‘1000X AMP’: 1 g in 10 mL, 0.2 μm syringe filter, freeze in 1 mL aliquots
‘1000X IPTG’: 2.34 g in 10 mL, freeze in 1 mL aliquots

3)

Inoculate 25 ml ‘overnight’ of LB/AMP with colony from plate, in conical tube.

4)

Shake at 37 degrees for 12-16 hours.

Day 2: Growth of Cells and Expression of Stathmin
Don’t forget to take 1 mL aliquots before and after induction if performing expression test gels.
1)

If first-ever DE3 culture of mutant, put ~1 mL into 2 mL Eppendorf tube, mix in ~1 mL autoclaved
glycerol, and store in -80 degree freezer for future “stab culture” inoculations.

2)

Add 1 mL of 1000X AMP and one 25 mL overnight culture to each ‘four hour’ LB flask. Shake at 37
degrees for ~4 hours, or until the A600 = ~1.

3)

Induce with 1 mL of 1000X IPTG for 2-3 hours, shaking at 37 degrees.

4)

Immediately harvest cells by centrifuging at 6000 RPM for 15 min.

5)

Resuspend pellet in 35 mL of A1 buffer or K-Phosphate. Can be frozen at -20 degrees in 50 mL
conical tube.

Ingredients for Required Buffers:
Buffer A1 (pH 7.4):
(1.0 liter)

50 mM Potassium Phosphate
100 mM NaCl

(6.80 g monobasic anhyd. in 1 L)
(5.84 g in 1 L)

Buffer A2 (pH 7.4):
(0.5 liter)

50 mM Potassium Phosphate
500 mM NaCl
500 mM Imidazole

(3.40 g monobasic anhyd. in 0.5 L)
(14.61 g in 0.5 L)
(17.03 g in 0.5 L)

Add DTT (0.51 g per liter) to buffers just prior to FPLC, mix well.
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Lesson 3: SDS-PAGE
Sodium Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis

→ Mobile Charges and Electrophoresis

If we apply an electric field of strength 𝐸 to a solution of ions we cause the ions to migrate in (or against) the
direction of this field.
This phenomenon is called electrophoresis, and macromolecular ions can be separated on the basis of charge (or
size, or both) using electrophoretic techniques.
The velocity (v) of a charged particle travelling in an electric field is equal to:
v=

𝑍𝑒𝐸

6𝜋𝜂𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑟𝑠𝑜𝑙𝑢𝑡𝑒

Where Z is the charge on the particle, e is the charge of an electron, 𝜂 is the viscosity of the solvent (small for
water, very high in ‘gels’), and r is the radius of the particle.
Molecules of different sizes and charges can thus be separated using an electric field and a high viscosity gel
(pseudo-solid) medium, such as agarose or polyacrylamide. This is gel electrophoresis.

→ SDS+Proteins

The charges on proteins are generally very close to neutral. Denaturing (boiling) proteins and binding to them
negatively charged sodium dodecyl sulfate (SDS) will make them largely negative, and so they will migrate in a
gel from a cathode to an anode (this is SDS-PAGE).

Sodium dodecyl sulfate

Typically one also denatures the proteins in the presence of reducing agents (such as DTT, dithiothreitol) to break
any disulfide bonds that may exist.
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→ SDS-PAGE

The basic protocol for performing SDS-PAGE is as follows:
1) Combine 20 µL of protein sample with 5 µL of 5x
SDS solution. Boil sample for 5 minutes.
2) Centrifuge sample after boiling for 20 minutes at
13,000 x g.
3) Prepare gel electrophoresis setup (using the
PHASTGel System):
a. Clean gel bed with DI water.
b. Pre-cool bed to 15ºC.
c. Dispense small drop of water on bed underneath where gel will be placed.
d. Place Grad 8-25 gel on bed, ensuring it lines up with the painted-on stencil, handle at the bottom.
e. Remove protective plastic film from gel.
f. Install plastic buffer strip holder (with buffer strips in place) on top of gel.
g. Lower anode/cathode assembly.
h. Lower lid.
4) Prepare sample comb:
a. Put small strip of parafilm over 8-well stamp and press down such that each well is visible.
b. Dispense 2 µL of protein+SDS sample in each well (noting which sample went where), ensuring that
at least one well has protein ladder instead of sample. Ladders are used to identify the molecular
weight of separated proteins.
c. Carefully dip an 8-slot sample comb into these wells, ensuring that solution has been drawn up into
each slot.
5) Load sample comb into PHASTGel system, close lid again.
6) Run sample program #1. Run takes anywhere from 20-40 minutes, make sure to monitor progress of the dye
front.
7) After completion, turn off gel apparatus, rinse gel in DI water twice, then stain in a small amount of
SafeStain (for ~60 minutes).
8) Rinse gel with water multiple times, and with a final aliquot of water plus a Kimwipe for ~60 minutes.
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Lesson 4: Transformation

After PCR is complete, we need to determine if our reactions worked; we will ‘use’
bacterial machinery to make many high-quality copies of our mutant plasmids.

→ Competent cells revisited:
Since DNA is a very hydrophilic molecule, it won't normally
pass through a bacterial cell's membrane.
In order to make bacteria take in the plasmid, they must first
be made "competent" to take up DNA. This is done by
creating small holes in the bacterial cells by suspending them
in a solution with a high concentration of calcium.
DNA can then be forced into the cells by “shocking” them in
one of three ways. This causes the bacteria to take in the
DNA. The cells are then selected using antibiotic plates.

A short animation of E. coli transformation.

→ How do we get our recombinant plasmids into E. coli?

<Insert ‘shocking’ pun here>
After giving the DNA and cells some time together on ice (10-30 minutes), there are three common types of
‘shock’ forcing the plasmids into the competent cells:
1. Thermal shock – 30 seconds in a 42°C water bath, then immediately back on ice.
2. Chemical shock – In addition to calcium, small amounts of hydrophobic solvents are added to the mixture
to make the membranes even more porous. This is then diluted with media.
3. Electroporation – A true ‘shock’; short bursts of high voltage are passed through a bacterial solution.
The term ‘transformation’ only used when putting DNA into prokaryotic systems.
If we try this with eukaryotic cells, this is called ‘transfection’.
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→ What is the physical mechanism of transformation?
We don’t fully know! The best explanation we have is that the bacterial cell membranes become more porous for
a short amount of time (due to thermal, chemical, electrical shocks), and the DNA diffuses in.
It is possible that bacteria have some system in place to chaperone the DNA inside, although nobody has
identified any such system.

→ Protocol
Take note of which competent cells you choose:
NEB 5-alpha for DNA generation/minipreps; BL21 DE3s for protein expression.

NEB 5-alpha Competent Cells for DNA
1)

ON ICE: Combine 1 μL DNA (PCR product) and 20 μL competent cells in a pre-chilled 1.5 mL
eppendorf tube. Allow to sit for 30 minutes on ice.

2)

Heat shock in preheated 42 degree bath for exactly 30 seconds.

3)

Immediately back onto ice for 10 minutes.

4)

Into RT, immediately add 380 μL of room temperature SOC medium (stored in refrigerator door).

5)

Incubate tube at 37 degrees in shaker, for 60 minutes.

6)

Plate 50 – 100 μL, on Ampicillin-containing Agar plates. Invert (lid on bottom), and incubate
overnight at 37 degrees.

BL21(DE3) Competent Cells for Protein Expression
1)

ON ICE: Combine 1 μL DNA and 20 μL competent cells in a pre-chilled 1.5 mL eppendorf tube.
Allow to sit for 10 minutes on ice.

2)

Heat shock in preheated 42 degree bath for exactly 30 seconds.

3)

Immediately back onto ice for 10 minutes.

4)

Into RT, immediately add 80 μL of pre-thawed, room temperature NZY or (pre-made, stored in
freezer door box).

5)

Do not bother with outgrowth for DE3 cells.

6)

Plate 30 – 50 μL, on Ampicillin-containing Agar plates. Invert (lid on bottom), and incubate
overnight at 37 degrees.
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Lesson 5: FPLC Purification and Column Chromatography
Fast Protein Liquid Chromatography

→ Separation of molecules by column chromatography

Proteins can be separated from one another (and thus purified) on the basis of their specific properties.

For example: size (“gel filtration”), hydrophobicity (“HIC”), ionic charge (“IEX”), or affinity (e.g., “HisTrap”).

In the case of gel filtration, the differently sized molecules race one another from one end of the column to the
other (larger molecules always win).

In the cases of HIC, IEX, and affinity, our desired protein ‘sticks’ to the column until we rinse (‘elute’) it off
using a competitive binder (recall how imidazole ‘kicks off’ our protein from the Nickel “HisTrap” column) .
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→ Ion exchange
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→ Nickel Affinity
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→ Desalting
Desalting protein solutions has a basis in size-exclusion chromatography:
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→ Desalting… continued

After affinity purification of stathmin, and its cleavage from the fusion protein, we need to remove the DTT (and
excess imidazole) from the protein solution. Instead of a lengthy dialysis, we use desalting column.
A desalting column is just a fast-flow gel filtration column that can only separate proteins from small ions.
As soon as the DTT is removed, our cysteine-mutants has the potential to cross-link, so we need to spin label
them right away! We perform this desalting step immediately before spin labeling.
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→ Protocol
Day 3&4: Purification – Removal of other cell material and isolation of Stathmin
1)

To thawed, resuspended pellets add 0.062 g DTT and ~35 µL of each 1000X EDTA-free protease
inhibitor (Leu, Apr, Pep, PMSF).

2)

Sonicate for 2 total minutes at 50% (on/off – 1 s each) – sonicator setting will say 1 minute.

3)

Centrifuge at 45,000 G for 20 minutes.

4)

Filter supernatant through a 0.2 μm syringe filter.

5)

Now add DTT to A1 and A2 buffers. Water-wash Histrap column for 2 column volumes (CVs), then
with A1 for 2 CVs, until conductivity plateaus. Make sure both A and B hoses are primed with their
buffers.

6)

Load protein onto Histrap column using loading hose at 1 CV/minute. Collect flow-through, and
continue to rinse with A1 until UV absorbance at 280 nm plateaus around zero (typically another 50
ml wash). Then rinse with 4% A2.

7)

Ramp to 100% A2 over approximately 10 minutes at 1 CV/minute. At 30-50 % A2, the fusion protein
will come off. The protein will be visible at 280 nm.

8)

Protein fraction should be 13-18 ml. Add 1 aliquot of TEV protease (150μl = ~200μg).

9)

Dialyze in 2 L A1+DTT overnight.

10)

Load onto Histrap column again with A1+DTT noting that stathmin now will not bind. Collect flow
through when peak is seen at 220 nm – this is stathmin. Un-fused stathmin is invisible to UV/Vis at
280 nm.

11)

Immediately rinse column with 100% A2+DTT and collect remaining MBP fraction.

12)

Concentrate stathmin solution to ~10 ml.

13)

Wash desalting column with water then spin labeling buffer (MOPS) for 2 CVs each.

14)

Load isolated cysteine mutant into desalting column, noting again that it will not bind. Collect protein
as peak appears, 2 to 5 mL later.

15)

Immediately add spin label, approximately 10 times more spin label molecules than there is protein
(typically 10 μL). React at RT for 30 minutes or more. Load back onto well-rinsed desalting column
to remove excess spin label, and again collect peak protein fraction.

16)

Concentrate protein as desired. Dilute in sucrose, Ficoll, glycerol as desired.

FPLC Terminology:
“Load” = Loop/Superloop is bypassed

Additional Buffer Recipe
Spin Labeling Buffer (pH 6.8):
(1.0 liter)

“Inject” = Loop/Superloop is injecting to column

50 mM MOPS
25 mM NaCl
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(10.46 g in 1 L)
(1.46 g in 1 L)

Lesson 6: Miniprep and DNA Sequencing
→ DNA purification

Once we have ‘used’ the molecular machinery of the 5-alpha E. coli cells to make high-quality copies of our
plasmid, we need to extract (and clean up) that DNA to send away for sequencing. This starts from overnight
cultures of single colonies from our 5-alpha plates.
The next morning, instead of pouring the overnight cultures into larger flasks of medium, we pellet the cells,
chemically lyse them, and extract the plasmids using very tiny columns.
We typically use a commercially available kit called a ‘Miniprep’ by the company Qiagen.
Using the Miniprep kit, we just follow the single-page directions, doing repetitive rinses and centrifugations of
our cell pellets with various prepared buffers, until we only have DNA left.
Once the DNA is clean, we send it away to a DNA sequencing service (by the company Genewiz).

→ DNA sequencing

How does DNA sequencing work?
It is just a modified form of PCR!
It takes advantage of the enzyme DNA
polymerase, making many copies of the
original plasmid. The only difference is that
not only dNTPs are included in the reaction
mixture, but so are a small number of
dideoxynucleotides (which are DNA chain
terminators).
These dideoxynucleotides have differently colored fluorescent dyes on them, which gets translated to simple
colors by the DNA sequencing instrument (e.g., Black for G, Blue for C, Green for A, Red for T).
When we send our stathmin plasmid away for sequencing, we are required to specify which promoter the
company’s primer should bind to. Since our plasmid has both an initiator and terminator of the T7 promoter, we
choose one of those. If we select the initiator, sequencing would run in the forward direction starting at the 6-His
tag, followed by MBP, but would likely run out of steam before getting to stathmin. For this reason we use the T7
terminator as our polymerase promoter, and the sequence runs in the reverse (complement) direction starting at
the end of stathmin.
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→ Some more pictures of what is happening in sequencing

If only “T” was dideoxy →

___________________________________________________________________________________

Where there are dideoxy versions of A, T, G, anc C, once the
sequencing computer sorts each terminated strand of DNA
based on size.
→
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→ Miniprep and Genewiz sample prep

As mentioned before, we blindly follow the (somewhat simple) Miniprep instruction manual, and within 30
minutes we will have ~ 30 𝜇g of pure plasmid from our original colonies. Hopefully they’re of the mutants we
want, not wild-type or some messed up mutant.
→ To account for the possibility that the colonies might not contain our desired mutation, we usually
run separate overnights of multiple colonies from the same plate.

After the Miniprep, we use an instrument called a “Nanodrop” to determine how much DNA is present in each
sample, then send some of that DNA to the Genewiz sequencing service.
→ Genewiz likes their DNA prepared just so… 800 ng in 10 uL (which means that concentrated DNA
must be diluted properly, etc.), in labeled strip tubes.
→ We send the DNA away by FedEx, and the next day (anywhere from 1-4pm) we receive our
sequence back.

→ ClustalW and Sequence Alignment

We then head to a website called “ClustalW”, and paste both the wild-type DNA sequence of stathmin and the
sequence returned by Genewiz (remember, the reverse complement!). This website will align the sequences, and
report where they differ. Hopefully, the only difference between the two sequences exists at our mutation sites.

Plasmids with sequences showing mutations that worked are kept, the rest are thrown out (it’s a sad moment).
→ Mutant plasmids are then transformed into BL21(DE3) competent cells for protein expression.
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Lesson 7: Aggregation

→ Bradford assays

After we purify stathmin, we have no idea how much protein we
actually got. An SDS-PAGE gel can semi-quantitatively tell us
how much protein is present, and UV/Vis spectroscopy won’t
work at all, since stathmin is invisible at 280 nm. The Bradford
assay is a technique used to quantify proteins in solution.
In short, Coomassie blue dye is bound to the protein in the presence of strong acid causing it to change from a
brown to a blue color. This color change is measured using UV/Vis at 595 nm. More protein present results in a
deeper blue.
We create a standard curve using various dilutions of a protein that we know the concentration of well (in our
case bovine serum albumin, “BSA”, at exactly 2 mg/mL. We run a Bradford on these dilutions and plot their
absorbances as a function concentration; then we measure our protein’s Bradford absorbance, and use the plot to
determine its concentration.
See the last page for a Bradford Assay Protocol.

→ Aggregation: Why does it happen?

When proteins are unfolded or mis-folded, they
will often have some of their hydrophobic residues
exposed to the surrounding water molecules.
When this happens, they will spontaneously clump
together with other similar proteins. This clumping
is called “aggregation”; extensive clumping
results in an aggregate plaque, which can interfere
with important biological processes (resulting in
disease).
Some intrinsically disordered proteins (IDPs) are the result of unfavorable mutations. Sometimes over-expression
of IDPs (to the point of aggregates forming) happens due to faulty cellular metabolism.
→ Stathmin is not known to be a pathogenically aggregating protein, but we can still induce its
aggregation using certain chemicals (which is the topic of Ashley and Laura’s research projects).
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→ Diseases caused by protein aggregation

The three go-to diseases caused by protein aggregation are:
1. Mad Cow disease, caused by the aggregation of prion proteins,
2. Parkinson’s disease, caused by the aggregation of the protein α-synuclein, and
3. Alzheimer’s disease, caused by aggregation of the β-amyloid protein.

In all three cases, pathogenic aggregate plaques are caused by the mis-folding of their respective proteins.
Prion proteins are extremely interesting because one mis-folded protein can cause the mis-folding of countless
others, just through interaction, acting as a disease-causing catalyst.

→ Reversibility of aggregation?

To me, one of the most important questions to ask about aggregate plaques of IDPs is “is aggregation reversible?”
That is, do aggregate plaques actually exist in equilibrium (which may be shifted far to the aggregated side)? If so,
then there is a possibility that they can be dissolved with the right chemical/biochemical stimulus.

→ Stathmin play

Using the wild-type stathmin that you purified in the first week, you will quantify the amount present using a
Bradford assay, then concentrate the protein to varying degrees.
Then you will add sucrose, Ficoll-70, or dioxane to these solutions, and observe what happens in each case.
What is the relevance of each of these three additives? How do they perturb protein stability?
Use the Nanodrop at a long wavelength setting (~580-600 nm) to measure the amount of scattering that occurs in
each case.

Ashley will be an excellent resource in designing and conducting this experiment.
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Bradford Protein Assay Protocol
1) Prepare Standards from pre-diluted BSA (1.0 mg/mL):
a. Sample 1 (blank, 0.0 µg/mL):
0 µL BSA
+
30 µL SL Buffer
b. Sample 2 (200 µg/mL):
6 µL BSA
+
24 µL SL Buffer
c. Sample 3 (400 µg/mL):
12 µL BSA +
18 µL SL Buffer
d. Sample 4 (600 µg/mL):
18 µL BSA +
12 µL SL Buffer
e. Sample 5 (800 µg/mL):
24 µL BSA +
6 µL SL Buffer
f. Sample 6 (1000 µg/mL):
30 µL BSA +
0 µL SL Buffer
g. Divide each sample in thirds (10 µL per small microcentrifuge tube) so that each
measurement can be done in triplicate.
Comment: A set of standards is created from a stock of protein whose concentration is known. The
Bradford values obtained for the standard are then used to construct a standard curve to which the
unknown values obtained can be compared to determine their concentration. Use a protein as your
standard that most closely resembles the protein you are assaying. BSA and IgG are typical standards
used to construct the curve. For BSA, use 0-1000 µg/mL as your standard curve concentration.
Note: The ubiquitously used BSA is a very poor standard for the Bradford assay. To adjust for this,
multiply the results you get for your protein concentration by 2.1 to get a closer approximation of your
protein's concentration. Lysozyme, ovalbumin and catalase make much better standards, and no
adjustment is necessary for these standards.

2) Prepare protein samples also in triplicate (10 µL in small microcentrifuge tubes). Dilute if necessary.
3) Add 200 µL of 1X Bio-Rad Bradford reagent to each microcentrifuge tube, and let stand for at least
5 minutes (Note: all measurements must be completed within an hour).
4) Measure each standard’s and sample’s 595 nm absorbance on the Nanodrop (UV-Vis mode, cursor
set to 595 nm, 2.0 µL per measurement).
5) Use the results to graph the standard curve (axes labeled as y = Abs(595 nm), x = ug/mL). Note:
According to all online resources, you should be plotting mass-concentrations (e.g., g/L), not molar
concentrations (e.g., mol/L).
6) Use the standard curve to determine the unknown protein’s mass concentrations. Although the 01000 µg/mL BSA is supposed to be in the linear range, it is often slightly curved. Use your judgment
when deciding to a fit the standard curve to a straight line or a quadratic curve.
7) Mass concentrations of your unknown protein can be converted to molar concentrations using the

protein’s molar mass (e.g., 17,000 g/mol for stathmin).
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Lesson 8: TEV and the Fusion Construct

→ Fusion proteins

A fusion protein (also known as a chimeric protein) is created when two or more different genes are stitched
together. When this fused series of genes is translated by the ribosome, a single chain that linearly is made up of
two or more proteins is produced.
These can form naturally when chromosomal translocation occurs, leading to disease.
… For example, the ‘Philadelpha Chromosome’, from the translocation of chromosomes 9 and 22, which
causes to a type of leukemia (CML).

Oftentimes, naturally forming fusion proteins become oncoproteins.
Biochemists can clone together multiple genes within a single plasmid to form a beneficial recombinant fusion
protein – genetic engineering at most useful. Examples of this include:
1) The attachment of a 6xHis-tag to the N-terminal end of a protein (for easy purification).
2) Connecting an unstable protein to the C-terminal end of a very stable (and highly expressed) protein.
3) #2 above, but with a protease (pro-TEE-ase) cut-site between the two proteins.
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→ Our construct, and why do fusion proteins help?

The fusion construct gene that we use for the expression and purification of stathmin is as follows:

•
•

•

Immediately after the start codon (always a methionine, MET) is a 6xHis-tag.
This is followed by maltose binding protein, MBP, which 1) bacteria can produce extremely efficiently,
2) is a very stable, rigid protein, and 3) increases the solubility of recombinant proteins through an
unknown mechanism.
Between MBP and our desired protein (stathmin, “STMN”) is a protease cut site. A protease is an enzyme
responsible for cutting apart specific amino acid sequences. “TEV” represents the tobacco etch virus
protease cut site, which specifically cuts the sequence ENLYFQG (Glu-Asn-Leu-Tyr-Phe-Gln-Gly)
between the glutamine and glycine residues.

We have found that when we use this construct to produce stathmin (instead of just a stathmin gene, followed by
an ion exchange purification), the expression yield goes up by approximately ten times!
Obviously the stability/solubility of stathmin in E. coli is increased when attached to MBP, OR the (easier, more
foolproof) purification method using a nickel column has higher yields… or maybe both are correct!

→ TEV protease

As a side note, the Bridges lab expresses and purifies its own TEV protease. This is a multi-day expression and
purification. (Overnight expression at 30°C, purification by nickel column, dialysis, purification by ammonium
sulfate precipitation, dialysis again, purification by ion exchange chromatography, and dialysis again).
The nice thing is that 2 liters of TEV culture will produce ~100 aliquots of TEV protease, so its purification
doesn’t have to be done very frequently.
Note that one stage of the TEV purification involves a nickel column. The TEV protease construct that we have is
as follows:

Look similar to our stathmin construct?
The protease has nickel affinity (which helps in our Day 2 purification step of stathmin), and is also from a fusion
construct! Most interestingly, TEV protease self-digests.
- 42 -

Lesson 9: SDSL
Site-directed spin labeling

→ Site-directed mutagenesis to create cysteine sites

We have already worked some magic to create cysteine mutants (or ‘variants’) of stathmin. But the real question
is “why cysteine”?
The answer lies in some real chemistry.
•
•
•

The amino acid cysteine has a sulfhydryl side chain (the “SH” part of -CH2SH).
There is a type of chemical compound called a methanethiosulfonate (-S(SO2)CH3).
Methanthiosulfonate compounds react with sulfhydryl groups to create disulfides.
→ So, if we would like to attach “something” to protein at a specific site, we just have to 1) create a
cysteine mutation at that site, 2) synthesize a “something”-methanthiosulfonate compound, and 3) react
these two things together at a pH ~6.8.

Wild-type protein

Cysteine variant

Spin labeled protein

O
S

R1 side chain
Cysteine

.

N

O

S

CH3

O

Methanethiosulfanate
spin label (MTSSL)

For site-directed spin labeling, the “something” that we would like to attach to a protein is a nitroxide spin label,
which is a stable free radical. Free radicals have unpaired electrons which later will come in handy in electronic
paramagnetic resonance (EPR).
When the nitroxide is attached to a protein (via disulfide linkage), it is called the “R1 side chain”.
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→ Motion of the nitroxide when tethered to a protein

It is important to mention that the technique of EPR is sensitive to the motion of electrons (in our case, sensitive
to the motion of the nitroxide spin label). Different motion leads to EPR spectra that look different.

So, if we obtain an EPR spectrum of a spin labeled protein and it has a particular shape, it is exemplifying a
particular type of motion. → This tells us how the protein is moving at the site in question.

To complicate things, the R1 (nitroxide) side chain reports the motion that it experiences from three different
sources:

Rotameric motion
Backbone dynamics
Protein tumbling
Rotameric motion is not interesting from a biological standpoint, since it only reports how the nitroxide’s internal
bonds are moving.
What we really care about are the backbone dynamics of a protein. The dynamical behavior of a protein’s
backbone is directly indicative of the structural stability in that area, its folded-ness, etc.
Like rotameric motion, protein tumbling is also not very interesting to us, since it is well understood. We
typically add viscogens (like sucrose or Ficoll-70) to protein solutions to slow down protein tumbling to
essentially zero, such that its effects disappear from EPR spectra.
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Lesson 10: EPR
Electron Paramagnetic Resonance

e-

→ Magnetic resonance
Because electrons are essentially tiny little bar
magnets, if we stick a single (i.e., unpaired)
electron in a magnetic field, it can align with
that field in one of two ways: with the field
(down, -½) or against the field (up, +½).

|+½

|-½

Note that the distance between these two states
(the energy level “gap”) is magnetic fielddependent, meaning that if the magnetic field is
very strong, the gap is very large, and if the
magnetic field is turned off, there is no gap.

e|+½

As these two levels have different energies, we
can excite the electrons that are in the lower
(down) state up to the higher (up) state, as long
as we supply exactly the right amount of
energy.

|-½

field-dependent
absorption
microwave
excitation

So, the basic magnetic resonance technique involves supplying a fixed amount of incident energy (microwave
radiation in the case of EPR) to the system, then sweeping the magnetic field from zero to a large value until the
energy level gap exactly matches in radiation’s energy. At this point, the sample absorbs the radiation, and the
spectrometer detects it:
Constant microwaves,

increasing magnetic field

Lorentzian
line shape

First
derivative
In EPR we actually detect the
first derivative of the lineshape.
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→ Why three lines though?
The nitroxide spin label is basically a ‘free-electron’ holder. Recall that the nitroxide looks like this:
O
S

S

CH3

O
N
O

… where the electron stays near the nitrogen atom. Through the hyperfine interaction, the electron can actually
‘see’ three different spin states for the nitrogen, and this causes the two electronic energy levels to split into six.
|mI ms

Energy

|-1 +½
| 0 +½
|+1 +½

|+1 -½
| 0 -½
|-1 -½

Applied Field

→ Absorption lineshape as a function of motion
EPR spectral line-shapes would be boring (and useless) if they only ever looked like three sharp lines. But,
luckily, motion of the nitroxide changes the appearance of the spectra dramatically. In obtaining EPR spectra of
spin labeled proteins, we take advantage of this fact to measure the local dynamics (motion) in those proteins.

Increasing R1 motion

0.2×
0.5×
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