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[25] Using the Lac Repressor System to Identify
Interacting Proteins

By NicoLE L. STRICKER, PETER ScHATZ, and MIN L1

Introduction

Protein—protein interactions are essential to all biological processes.
The physical associations between two proteins are generally achieved by
one of two mechanisms. First, two interacting partners can form a complex
via elaborate surface to surface contacts, which often require a proper
tertiary structure of both partners. Alternatively, the two molecules can
associate by way of a “lock-and-key” mode, as has been found in many
enzyme-substrate interactions.! In the latter case, one interacting partner
needs to be properly folded, while the other could be as simple as a short
linear peptide. A large number of such protein interaction modules have
been identified, and many interact by binding to short linear regions of
target proteins. This class of protein interaction module includes SH2, SH3,
PTB, and PDZ domains. These domains have been found in diverse proteins
including many with important roles in signal transduction. Proteins with
one or multiple copies of these interaction modules are thought to bind
multiple target proteins because each module presumably has distinct sub-
strate specificity. Thus determination of the optimal binding sequence for an
orphan protein interaction module would provide a probe to electronically
identify proteins with these binding sequences from either protein or DNA
sequence databases. In this chapter we describe a series of experimental
protocols that have been optimized for determination of peptide-binding
sequences of PDZ domains. These protocols should also be applicable to
other protein interaction modules.

PDZ domains are modular protein—protein interaction domains that
were first identified in the postsynaptic density protein PSD-95, the Dro-
sophila tumor-suppresser protein discs-large (dlg), and the tight junction
protein ZO1.2? There are currently more than 150 distinct PDZ domains
present in a diverse array of proteins. Many of these proteins contain
multiple protein interaction modules, either tandem PDZ domains or in
combination with other interaction modules. However, the physiological
binding partners for most PDZ domains are currently unknown. Studies

I E. M. Phizicky and S. Fields, Microbiol. Rev. 59, 94 (1995).
2 M. B. Kennedy, Trends Biochem. Sci. 20, 350 (1995).
3 M. Sheng, Neuron 17, 575 (1996).
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have suggested that a number of PDZ domains play a role in the assembly
of protein complexes involved in signal transduction cascades. Both bio-
chemical and crystallographic studies have shown that the PDZ domain
contacts only the four C-terminal residues of the target protein.** A strategy
for in vitro selection of random peptides for optimal PDZ-binding sequences
may provide an important entry point to the function studies of orphan
PDZ domains and their parent proteins.

There are a number of methods currently used to perform peptide
library screenings, including phage-displayed and chemically synthesized
random peptide libraries. Because PDZ domains demonstrate a preference
for C-terminal residues, we chose to apply the “peptides-on-plasmids” sys-
tem® because it displays the C termini of the library peptides. Like the phage
display system, the peptides-on-plasmids random peptide library is an ori-
ented, biologically amplified library. To ensure amplification fidelity, both
systems must have a way of linking each random peptide with the DNA
encoding it. In the phage display system, this is easily accomplished because
each peptide is displayed on the phage coat that encloses the encoding
DNA. The peptides-on-plasmids system uses a DNA-binding protein to
accomplish this linkage. Oligonucleotides are cloned into a plasmid, 3’ to
the lac repressor gene (lacl). This same plasmid contains the DNA sequence
. recognized by Lacl, the lac operator (lacO). Thus, on protein expression,
each plasmid will express a LacI-random peptide fusion protein; the repres-
sor will immediately bind to the lacO sequence on that plasmid, maintaining
a physical link between each random peptide and its encoding DNA (Fig.1).

Because this system displays peptides fused to the C terminus of the
LacI protein, it is an ideal system for identifying PDZ-interacting peptides.
In addition, because each binding peptide is individually amplified and
sequenced, it is possible to differentiate among several preferred sequences.
Once binding peptides have been identified, binding specificity can be
assessed via binding assays such as an enzyme-linked immunosorbent assay
(ELISA). This protocol describes the methods that apply a peptides-on-
plasmids library to identify binding peptides specific for the nNOS and
PSD-95 PDZ domains and uses of this information to identify potential in
vivo interacting proteins.

Screening the Library

We screened a random 15-mer library with the PDZ domain of nNOS
(the library was kindly provided by P. Schatz of Affymax Research Institute;

4N. Stricker, K. Christopherson, B. Yi, P. Schatz, R. Raab, G. Dawes, D. Bassett, D. Bredt,
and M. Li, Nature Biotechnol. 15, 336 (1997).

5D. Doyle, A. Lee, J. Lewis, E. Kim, M. Sheng, and R. MacKinnon, Cell 85, 1067 (1996).

SM. G. Cull, J. F. Miller, and P. J. Schatz, Proc. Natl. Acad. Sci. U.S.A. 89, 1865 (1992).
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F1G. 1. Schematic diagram showing affinity selection from a C-terminal peptide library.
Step I: A pool of oligonucleotides encoding 15 random amino acids (X;s) was cloned in frame,
C terminal to lacl. Protein expression from each plasmid of the library yields a Lacl fusion
with a distinct peptide sequence. The recombinant Lacl binds the lacO sites present on the
same plasmid, yielding LacI-plasmid complexes that are purified from E. coli. Step II: Affinity
panning selects peptides that interact with target receptor, e.g., the PDZ domain of nNOS.
Step III: The bound plasmid DNA can be specifically recovered by addition of isopropyl
B-p-thiogalactopyranoside (IPTG). Step IV: The recovered plasmids are retransformed, ampli-
fied, and used for subsequent rounds of panning.

the nNOS construct was provided by D. Bredt of University of California).
This library has an initial complexity of 10°. The screening consists of four
repeated rounds of affinity panning against the immobilized glutathione-
S-transferase (GST) fusion protein. After each round of panning, the prog-
ress of enrichment is monitored by comparing the number of input and
recovered clones to estimate the percentage of complexes that are bound
to the PDZ domain.

Protein Purification and Immobilization

The protein used for panning should be relatively pure to avoid isolation
of peptides that may be specific for impurities in the sample. To complete
the library screening, and subsequent analysis, at least 0.5 mg of purified
protein is required. We expressed nNOS PDZ as a GST fusion protein and
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affinity purified with glutathione—Sepharose (Pharmacia Biotech, Piscata-
way, NJ). There are a number of ways to conveniently express and purify
fusion proteins. These include histidine or monoclonal tagging, and maltose-
binding protein fusion. In principle, other types of fusion proteins should
also work well. The major consideration is to minimize binding noise in
the target preparation, such as isolation of peptides that interact with the
purification tag or other impurities. For example, we have found several
C-terminal peptides capable of binding to GST (K. Loeffert and M. Lj,
unpublished results, 1998).

The GST-nNOS PDZ fusion proteins are expressed in Escherichia
coli BL21. After a 4-hr induction with isopropyl-B-p-thiogalactopyranoside
(IPTG), cells are washed once with cold water and lysed by sonication and
the GST fusion proteins are harvested as described.* Purified protein is
stored at a concentration of 3 mg/ml in a buffer containing 10 mM glutathi-
one, 50 mM Tris-HCI (pH 8.0) at —20° until use. Purified protein is immobi-
lized by overnight incubation on an Immulon 4 microtiter plate (Dynatech
Laboratories, McLean, VA).

Reagents

Phosphate-buffered saline (PBS, for 1 liter): 8 g of NaCl, 0.2 g of KCl,
1.44 g of Na,HPO,, 0.24 g of KH,PO,, pH 7.4, in H,O (filter sterilize
or autoclave and store at 4°)

Procedure

1. Dilute protein to 0.05 mg/ml in PBS.

2. Round 1: Add 100 ul of diluted protein to 24 Immulon microtiter
wells (5 ug/well). Rounds 2—4: Coat six wells with 100 ul of diluted protein
(5 ng/well). Add PBS alone to a further six wells.

3. Cover all filled wells with tape (Scotch No. 845 BookTape; Stark
Office Supplies, Baltimore, MD, to guard against evaporation during the
immobilization.

4. Incubate the plate at 4° overnight (or for 2-3 hr at room temperature).

Because the diversity of a library is maximal during the first round of
panning, we usually use 24 nNOS-PDZ-coated wells in this round to provide
more binding substrates for higher recovery of interacting peptides. For
subsequent rounds, six coated wells are sufficient to extract a significant
number of plasmids for interacting peptides. It is also useful in later rounds
(2, 3, and 4) to coat an additional six wells with PBS alone as a control;
the recovered plasmids from these wells are used to calculate the back-
ground level of recovery (described below).
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Affinity Panning

The panning procedure consists of blocking the wells containing the
immobilized protein, then exposing the coated surface to the random pep-
tide library. The peptide—LacI-plasmid complexes are released from the
bacteria by gentle cell lysis, and the crude lysate is incubated in the nNOS
PDZ-coated wells, allowing the random peptides to interact with the nNOS
PDZ domain. Unbound clones are washed away, and plasmids encoding
peptides that interact with the PDZ domain (“‘binders”) are eluted with
IPTG, which disrupts the Lacl/lacO interaction (Fig. 1). These plasmids
are amplified by transforming E. coli, and the amplified peptide—repressor—
plasmid complexes are used as input for the next round of panning.

Reagents

For the reagents listed below, the volumes given are enough for five
panning rounds; store all reagents at 4°.

Bovine serum albumin (BSA, 1.0% in PBS): 25 ml

Carnation dry milk (1.0% in PBS): 25 ml

BSA (10 mg/ml in HE): 5 ml

HE (100 ml): 35 mM HEPES (pH 7.5), 0.1 mM EDTA

HEK (50 ml): 35 mM HEPES (pH 7.5), 0.1 mM EDTA, 50 mM KCl

HEKL (50 ml): 35 mM HEPES (pH 7.5), 0.1 mM EDTA, 50 mM KCl,
0.2 M a-lactose

HEKL-BSA (500 ml): 1% BSA in HEKL

Bulk DNA (30 ml): Salmon sperm DNA (0.1 mg/ml in HEKL-BSA)

Dithiothreitol (DTT), 0.5 M in double-distilled H,O (ddH,0): 100 ul

Phenylmethylsulfonylfluoride (PMSF, 0.1 M in isopropanol): 0.5 ml

Lysis buffer: Four 15-ml Falcon tubes, each containing 4.2 ml of HE
and 1 ml of 50% glycerol

Lysozyme: Prepare four Eppendorf tubes, each containing 5 mg of
lysozyme; add 0.5 ml of HE just before use

KCl 2 M): 5ml

a-Lactose (20%): 20 ml

IPTG-KCI (5 ml): 1 mM IPTG and 0.2 M KCl in HE

Procedure

1. Wash the protein-coated wells four times with room temperature
PBS. Slap the plate on a bed of paper towels to remove any resid-
ual liquid.

2. Rounds 1 and 4: Block the wells by adding 200-300 ul/well of 1%
BSA in PBS. Cover with tape and incubate at 37° for 1-2 hr. Rounds
2 and 3: Block the wells by adding 200-300 ul/well of 1% dry milk
in PBS. Cover with tape and incubate at 37° for 1-2 hr.
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3. Wash the wells twice with HEKL-BSA. Slap the plate to dry as
before.

Preblock with bulk DNA (50 ul/well). Cover with tape and shake
at 4° for 10-60 min.

While wells are preblocking, prepare the library lysates.

4.

5.

a.

b.

Add 750 ul of BSA (10 mg/ml), 10 ul of DTT, and 12.5 ul of
PMSF to one HE—glycerol “lysis buffer” tube.

Thaw the library (naive or amplified) and transfer it into the
lysis buffer.

. Add 0.5 ml of HE to an Eppendorf tube containing 5 mg of

lysozyme; pipette up and down to dissolve the lysozyme. Add 10
wl of PMSF to the centrifuge tube that will be used to centrifuge
the lysed cells.

. Add 150 ul of the lysozyme (10 mg/ml) to the lysis buffer only

when everything else is prepared (i.e., be ready to add the a-
lactose and KCl, and have a prechilled rotor ready for the centrif-
ugation), as lysis will proceed quickly and it is important not to
overlyse the cells.

. Invert the tube several times. Let the cells lyse for 1-2 min. Lysis

can be observed by the slow migration of bubbles to the top of
the tube.

Quickly add 2 ml of 20% «-lactose and 250 ul of 2 M KCl. Pour
the lysed cells into the centrifuge tube and spin at 4° for 15 min
at 12,000 rpm (~10,000 g).

. While the lysate is centrifuging, prepare a 15-ml conical tube by

adding 10 ul of PMSF and labeling with the type of library (i.e.,
Lac-15mer), the protein used for screening (i.e., nNOS PDZ),
the round of panning for which the lysate will be used (i.e., round
3 input), and the date.

. When the centrifugation is finished, gently pour the supernatant

into this 15-ml conical tube (6 to 9 ml of clear supernatant should
be obtained). Save a sample of the crude lysate (labeled “Pre 1,
2, 3, or 4”) to determine the number of clones used as “‘input”
for that panning round. We usually save 1% of the amount used
for panning, as this facilitates calculations later (i.e., Round I,
between 48 and 60 ul; round 2, 6 ul; rounds 3 and 4, 6 ul of the
diluted sample).

Without removing the bulk DNA, add crude lysate to the pre-
blocked wells:

Round 1: 200-250 ul of lysate per well
Round 2: 100 ul/well



[25] Lac REPRESSOR SYSTEM 457

Rounds 3 and 4: 100 ul/well of lysate diluted 1:10 in HEKL-BSA.
Cover with tape and shake at 4° for 1 hr. Store any extra lysate
at —80°.

7. Remove the tape and discard (it may have nonbinding clones stuck
to it, which can contaminate later preparations). Round 1: Skip to
step 9. Rounds 2—4: Wash the wells four times with HEKL-BSA,
slap plate to dry as before.

8. Add 200 ul of bulk DNA. Shake uncovered at 4° for 30 min.

9. Wash the wells four times with HEKL. Wash twice with HEK, slap
the plate to dry as before.

10. Elute binding clones by adding 50 ul of IPTG-KCI. Shake at room
temperature for 30 min.

11. Round 1: Remove all eluates to a microcentrifuge tube by holding
the plate at a 45° angle to collect as much of the liquid as possible.
Divide the sample into two tubes to proceed with the DNA precipi-
tation; label these tubes “Pan” (indicating recovered clones) and
note the round number. Rounds 2—4: Remove eluates from receptor-
coated wells to the Pan tube, remove eluates from the PBS wells
to a microcentrifuge tube marked NC (negative control), and note
the round number.

The library lysing step is critical, especially for the first round of panning.
Under- or overlysing of the library should be avoided, as incomplete lysis
of the library will compromise library complexity, while overlysing will
prevent the formation of a compact cell pellet during centrifugation, re-
sulting in a viscous supernatant that cannot be used for panning. First, it
is crucial to use only fresh lysozyme; enzyme prepared as early as the night
before may not lyse properly and result in loss of that library aliquot.
Second, the lysate should be centrifuged as quickly as possible after the
lysis (within 5-10 min), despite the slowing in lysozyme activity that results
from KCI and a-lactose addition (to increase Lacl solubility and prevent
Lacl/lacO dissociation, respectively). Finally, it is important to be careful
when labeling the tube containing this supernatant. The crude lysates can
be useful for repeating a round of panning or performing a ‘“‘biased” screen
with a related protein, and a clear label is critical for their reuse. A common
downfall is the label “round 3,” which is ambiguous as to whether the
lysate contains peptide complexes to be used during the third round of
panning (round 3 input), or if they are lysates from cells used to amplify
round 3 binders (round 3 recovery/round 4 input). Explicit labels are the
best way to avoid future confusion.

Alrpanning washes are performed with a repeating pipette. If a standard
pipettor is used, extreme care should be taken to avoid contamination of
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the wash solutions with the peptide—repressor—plasmid complexes that may
remain in the wells at all steps subsequent to the panning. The blocking
reagent is changed for panning rounds 2 and 3 to avoid isolation of BSA-
sticky peptides and to enhance isolation of only those complexes that
interact with the nNOS PDZ fusion protein. The long wash (step 8) is
skipped during the first round of panning to avoid loss of weak binders;
the subsequent amplification of binding clones makes this precaution unnec-
essary in the later panning rounds. Similarly, because later rounds involve
panning with an amplified population of binders, it is no longer necessary
to maintain high input levels in later rounds, hence the lysate dilution in
rounds 3 and 4.

Amplification of Interacting Plasmids

After the first panning round, the complexity of the library will have
been reduced significantly (from ~10® to ~10%), and many nonbinding
complexes will have been eliminated. However, because there are relatively
few copies of any one binding species in this population, the eluted plasmids
are amplified in bacteria before a second round of panning is carried out.
This amplification step ensures that all clones are present in equal numbers
for the subsequent panning round, and prevents binding complexes from
being lost owing to a weak interaction or a low copy number. Binding
clones are amplified after each round of panning by transforming bacteria
with the eluted plasmid DNA via electroporation. The transformed bacteria
are grown to late log phase, then centrifuged and washed to prepare the
membranes for the gentle lysis that will release the peptide-repressor—
plasmid complexes for the subsequent round of panning.

Reagents

Glycogen (Boehringer Mannheim, Indianapolis, IN)

Ethanol (80%): 50 ml

NaCl (5 M): 1.5 ml

WTEK (500 ml): 50 mM Tris (pH 7.5), 10 mM EDTA, 100 mM KCI

TEK (250 ml): 10 mM Tris (pH 7.5), 0.1 mM EDTA, 100 mM KCl

ARIS814 electrocompetent cells (8- to 100-ml aliquots)®: Transforma-
tion frequency should be =2 X 10'° colonies per microgram of DNA

DNA Precipitation
1. Add IPTG-KClI to the Pre sample to bring it to the same volume
as the Pan and NC samples.

2. Add 1 ul of glycogen and a 1/10 vol of 5 M NaCl to each Eppendorf
tube. Add an equal volume of isopropanol and invert several times to mix.
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3. Centrifuge for 10 min to pellet the DNA (a pellet may or may not
be visible).

4. Carefully aspirate the supernatant or remove with a pipettor. Gently
add 0.5 ml of cold 80% ethanol, taking care not to disturb the pellet. Let
the pellet sit for 2-5 min at room temperature in the ethanol.

5. Centrifuge for 2 min then repeat with a second ethanol wash.

6. Round 1: Resuspend the “pre”” DNA in 200 ul of ddH,O. Resuspend
each Pan pellet in 3 ul of DNA and pool them into one tube. Rounds 2-4:
Resuspend the Pan and NC pellets in 6 ul each, and resuspend the Pre
DNA in 200 ul. Store the DNA at 4°.

Careful washing of the pellet is important, as insufficient washing will
leave salt in the DNA, causing the electroporation to “pop.” The Pan DNA
should be treated with extra care; it represents plasmids encoding all binders
from the previous panning round, and loss of either the pellet, or the DNA
due to a pop, will force a repetition of the entire panning round.

Electroporation

1. Thaw 75 to 100 ul of ARI814 electrocompetent cells and chill three
or four 0.1-cm-gap cuvettes on ice (Bio-Rad, Hercules, CA).

2. Label three (or four) 14-ml round-bottom tubes as Pre, Pan A, and
Pan B (and NC for later rounds). Add 2 ml of LB to the Pre (and NC)
tube, add 1 ml of LB to each of the Pan tubes. Place all tubes in a 37° heat
block or water bath.

3. Set the Bio-Rad Gene Pulser apparatus to 1.8 kV, 25 uF capacity,
and the pulser controller unit to 200 ().

4. Put 1.5 ul of Pan DNA into a sterile Eppendorf tube and chill it
on ice. Add 25-30 ul of competent cells to the tube and pipette up and
down to mix.

5. Transfer the cells to a chilled gap cuvette and apply the pulse. If
the time constant (7) is between 4 and 5 msec, use the same volumes of
DNA and competent cells for the remaining electroporations.

6. If the sample pops, adjust the volume of input DNA in the electro-
poration. Prepare a fresh DNA-competent cell mixture using 0.7 ul of
DNA (or 1.5 ul of a 1:2 dilution) and 25-30 ul of cells.

7. After a successful electroporation, immediately add 0.5-1.0 ml of
the prewarmed LB from the appropriate tube to the cuvette to resuspend
the cells. Transfer the cell suspension into the round-bottom tube and
incubate at 37° without shaking for 1 hr.

8. Complete steps 4-7 for the Pre (NC), and two Pan samples. (Pan
DNA is electroporated twice to obtain a higher number of transformed
bacteria and to prevent loss of all eluted DNA if one sample pops.)
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9. During the recovery period, label 10 LB-Amp plates. These will be
used to plate the cells to determine the level of enrichment for each round
of panning (as described in the following section). For round 1, it is useful
to prewarm the 200 ml of LB growth medium supplemented with ampicillin
(100 wg/ml) (denoted as LBA).

10. After the recovery period, pool the two 1-ml Pan cultures and
remove 100 ul to an Eppendorf tube for plating.

Amplification

11. Round 1: Inoculate the 200 ml of LBA with the 2-ml Pan recovery
culture. Grow at 37° with shaking to an Agg of 0.5-1.0 (this usually takes
7 to 10 hr, depending on the competency of the cells). Rounds 2—4: Add
2 ml of LB and 8 ul of ampicillin (50 mg/ml; final concentration, 10 ug/
ml) to the 2-ml Pan recovery culture. Grow the cultures overnight with
shaking at 37°. Use this 4-ml overnight culture to inoculate 200 ml of LBA.
Grow at 37° with shaking to an Aggp of 0.5-1.0 (this usually takes 2 to 2.5 hr).

12. Chill the flask in an ice—water bath for 10 min.

13. Pour the culture into a 250-ml centrifuge tube and centrifuge at
6000 rpm (3000 g) for 6 min.

14. Resuspend the cells in 100 ml of cold WTEK.

15. Centrifuge at 6000 rpm for 6 min.

16. Resuspend the cells in 50 ml of cold TEK.

17. Centrifuge at 6000 rpm for 6 min.

18. Resuspend the cells in 4 ml of cold HEK. Divide the cells into two
2-ml Nalgene screw-top vials. Again, be sure that the vials are carefully
labeled with respect to the round number (i.e., whether the cells contain
plasmids that are the input or recovery products for a particular round).

19. Quickly freeze the cells in dry ice powder and store at —80° until
use. One aliquot will be lysed for input in the next panning round, the
other can be stored indefinitely and eventually used to repeat a round, or
to conduct a biased library screen. It is best to freeze both aliquots, even
if one is to be used the same day, as the freeze—thaw process aids cell lysis.

Overnight growth of the transformation recovery culture is discouraged
for the first round of amplification to prevent fast-growing clones from
overgrowing slower ones. This is an important consideration because the
library is still relatively diverse at this stage; there will be fewer than
100 copies of any particular binding clone in the eluted population. The
amplification step is necessary to enhance the competition among different
binding moieties by increasing the number of ligands to a level significantly
higher than the available number of receptors. If fast-growing clones are
allowed to overtake slow-growing clones during this first amplification step,
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then the relative levels of the different binding complexes will be unequal
for the second panning round, creating a biased library that may lead to
loss of certain binding sequences. In later rounds, the diversity of the li-
brary will have been reduced enough so that each distinct peptide will be
present at higher levels before amplification, rendering this precaution un-
necessary.

Monitoring Panning Efficiency and Determining Enrichment

At the end of each round of panning, it is useful to compare the complex-
ity of the library with that at the beginning. This information helps evaluate
whether there are peptides that interact with the target PDZ domain, and
whether an appropriate level of binding clone enrichment is taking place.
“Enrichment” describes the degree to which the complexity of the library
is being reduced by the panning process and gives an indication of the
diversity of the binding population. Too little enrichment precludes determi-
nation of a binding preference, while too much enrichment eventually
results in the isolation of a single or a few dominant clones.

To monitor the progress, the number of clones input into each round
is compared with the number eluted from the wells. These values are
determined by plating dilutions of Pre, Pan, and NC transformed cells, then
counting colonies and extrapolating to determine the total number of clones
present in each sample. Because each eluted plasmid participates in a single
binding interaction, and subsequently transforms a single E. coli cell, each
colony on the plate represents a single binding clone. Several dilutions of
the transformed cells are plated so that the number of colonies per microliter
of DNA can be accurately determined.

Enrichment of a binding population can be monitored in several ways.
First, “percent recovery”” compares the number of clones eluted from PDZ-
coated wells with the total number of clones panned during that round;
this describes the fraction of total clones that bind to the coated plate in
a given round. Second, “‘enrichment” compares the number of clones eluted
from PDZ-coated wells with the number of clones eluted from buffer-
coated wells and indicates whether binding to the PDZ domain is occurring
at a level significantly above the background peptide binding level with the
Immulon plate. Both percent recovery and enrichment should increase
significantly with each round of panning (see Table I).

1. Label LBA plates with the transforming DNA (i.e., Pre, Pan, or
NC), the round number, and the number of microliters of cells plated.
Transform the DNA samples by electroporation as described above. For
round 1, plate 100, 10, 1, 0.1, and 0.01 ul from the 2 ml of recovered cells
for both Pre and Pan samples. In later rounds, a good starting point is 10,



462 FUNCTIONAL RELATIONSHIP AMONG CDNA TRANSLATION PRODUCTS [25]

TABLE 1
SuMMARY OF nNOS PDZ PANNING*

Round Input (Pan) Output (Pan) Output (NC) Percent recovery (Pan) Enrichment

1 6.0 X 10° 1.7 X 10° — 2.9 X 107° —
2 32 X 10° 1.4 x 10° 4.4 x 10* 44 x 1073 3
3 12 x 108 1.1 x 10° 41 x 10° 59 x 1073 270
4 8.4 x 107 4.8 x 10° 2.8 X 10° 5.7 X 1072 1700

“NC, Negative control.

1, 0.1, and 0.01 ul for Pre and Pan samples, and 1 and 0.1 ul of NC cells.
However, adjustments may need to be made if these dilutions yield plates
with too few or too many colonies to count.

2. Use a disposable Falcon 3911 flexible assay plate (Becton Dickinson
Labware, Lincoln Park, NJ) to make serial dilutions. Add 100 ul of LB to
each of four wells. Add 10 ul of culture to the first well and pipette up and
down to mix. Use a new tip to add 10 ul of the 1:10 dilution to the next
well and pipette up and down to mix; continue for all four wells. Failure
to change the tips between dilutions will compromise the dilution fidelity
because cells from more concentrated wells will stick to the tip and end
up in more dilute wells. This practice can result in inconsistent colony
numbers among one set of dilutions.

3. After the dilutions are made, plate the cells and spread them evenly,
using sterilized glass beads or a glass spreader. Incubate the plates overnight
at 37°.

4. Count the colonies on each plate. If there are too few or too many
colonies, try to obtain data from at least two plates (dilutions) of the same
cell culture. After counting the colonies, plates from the initial rounds can be
discarded. However, plates containing clones from round 3 and 4 pannings
should be retained for future examination of individual clones by ELISA
(described in the next section).

5. Use the average number of colonies per microliter of cells plated to
calculate the number of clones in the entire cell culture, and thus the
number of clones in the total DNA sample (6 ul for Pan and NC, 200 ul
for Pre). For Pan and NC samples, this number equals the total number
of recovered and background clones, respectively. For Pre samples, recall
that DNA was precipitated from only 1% of the total lysate used for the
panning, so this number needs to be multiplied accordingly to obtain the
total number of input clones for the round of panning.

6. Determine the percent recovery by taking the ratio of recovered
(Pan) clones to input (Pre) clones. Determine the enrichment by taking
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the ratio of recovered clones to background (NC) clones. Representative
values for these numbers are listed in Table 1.

Identification of PDZ-Specific Clones

After affinity purification of a population of binding clones, it is neces-
sary to identify those clones that bind specifically to the nNOS PDZ domain.
Because the GST fusion protein is used as the panning substrate, a subset
of the isolated clones may be specific for the GST portion of the protein,
not the PDZ domain. PDZ-specific clones are identified using an enzyme-
linked immunosorbent assay (ELISA). This procedure involves screening
of a number of individual binding clones to determine binding specificity.
Each clone is incubated in a set of three wells, which are coated with
PBS alone, a GST control protein, and the GST-nNOS fusion protein,
respectively. The binding of an antibody to the Lacl repressor followed by
binding of alkaline phosphate-conjugated secondary antibody allows for
visual detection of a binding interaction. A strong ELISA signal in PDZ-
coated wells, but not in GST-coated or empty wells, indicates a PDZ-
specific interaction (Fig. 2).* After a subset of PDZ-specific clones have
been identified, the plasmids can then be sequenced to deduce the amino
acid sequence of each binding peptide.
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F1G. 2. nNOS-binding peptides (NBPs) bind specifically to nNOS PDZ. ELISA results of
36 randomly chosen NBP clones are shown. Horizontal axis, NBP clone number; vertical axis,
ELISA signal normalized against the clone with strongest binding (NBP-44).
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Lysis of Individual Lacl Clones for ELISA

Before the ELISA can be performed, individual clones must first be
amplified and lysed to release the peptide—repressor—plasmid complexes.
Individual colonies are picked from the Pan plates used to determine recov-
ery data (previous section). These clones are then amplified, washed, and
lysed in the same manner as the 200-ml cultures used for panning. For the
initial ELISA screen, examination of 16 to 24 individual clones should be
sufficient to evaluate the percentage of PDZ-specific clones and the relative
level of peptide diversity at a given round of panning. Larger scale ELISA
can be performed later if necessary.

Reagents

Lysis buffer (make fresh just before use): 42 ml of HE, 5 ml of 50%
glycerol, 3 ml of BSA (10 mg/ml in HE), 125 ul of 0.1 M PMSF,
750 ul of lysozyme (10 mg/ml in HE).

L-Arabinose, 20% in ddH,0, sterile

1. Pick 12 individual colonies from the Pan plate and inoculate 2-ml
LBA cultures and shake at 37° overnight. These clones do not need mean-
ingful names at this point, but should be numbered so that they can be kept
track of and used as the source to prepare plasmid DNA for sequencing.

2. Inoculate 3 ml of LBA with 300 ul of the overnight cultures. Save
the remaining 1.7 ml of the overnight cultures for minipreps of interest-
ing clones.

3. After incubation at 37° for 1 hr induce each culture with 33 ul of
20% L-arabinose (final concentration, 0.2%) for 3 hr at 37°.

4. Chill the tubes on ice and centrifuge at 2000 g for 5 min (keep the
tubes chilled for the rest of the procedure).

5. Pour off the supernatant and add 3 ml of cold WTEK buffer. Resus-
pend the cells by vortexing.

6. Centrifuge at 2000 g for 5 min.

7. Pour off the supernatant and add 1 ml of cold TEK buffer. Resus-
pend the cells and transfer the suspension to an Eppendorf tube.

8. Centrifuge at 12,000 g in a microcentrifuge tube for 2 min.

9. Aspirate the supernatant and resuspend the cells in 1 ml of lysis
buffer. Incubate on ice for 1 hr.

10. Add 110 ul of 2 M KCl, and invert to mix.

11. Centrifuge at 12,000 g, 4°, for 20 min. A longer centrifugation is
sometimes required for the production of a pellet compact enough to allow
removal of at least 500 ul of clear supernatant.

12. Transfer 500-900 ul of the clear crude lysate to a fresh, clearly



[25] Lac REPRESSOR SYSTEM 465

labeled Eppendorf tube and store at 44° for immediate use or at —80° for
later use.

Lacl ELISA

The ELISA allows visual detection of binding interactions so that clones
that bind to the GST portion of the fusion protein can be distinguished
from those specific for the nNOS PDZ domain. In addition, if there are
related proteins with known peptide-binding partners, such as PDZ3 of
PSD-95, these can serve as useful controls. The lysis procedure described
above produces enough crude lysate for many ELISAs; thus, a large number
of possible binding interactions can be tested for each individual peptide
complex. The standard controls used are (1) a PBS-coated well to detect
an interaction with the plastic or the BSA, (2) a well coated with GST
alone to detect an interaction with the GST portion of the fusion protein,
(3) a well coated with the nNOS PDZ fusion protein used in the pannings
to detect an nNOS-specific binding interaction, and (4) related PDZ do-
mains to provide clues regarding the degree of nNOS PDZ specificity.

Reagents

PBS-Tween (500 ml): 0.05% Tween 20 in PBS

PBT (250 ml): 1% BSA, 0.05% Tween 20 in PBS

TBS (100 ml): 10 mM Tris (pH 7.5), 150 mM NaCl

Rabbit anti-Lacl antibody ‘

Alkaline phosphatase (AP)-conjugated goat anti-rabbit antibody
(Sigma, St. Louis, MO)

p-Nitrophenyl phosphate tablets (Sigma)

Development buffer (50 ml): 10% diethanolamine (w/v), 0.5 mM
MgCl,, pH 9.8 with HCI. Store in the dark at 4°

1. For each clone to be tested, coat one Immulon well with PBS alone,
one with GST control protein, and one with GST-nNOS fusion protein.
Dilute the GST control and GST-nNOS PDZ proteins to 5 ug/ml and add
100 ul to each well (0.5 ug protein per well). Immobilize the protein by
incubating the covered plate at 4° overnight or at room temperature for
2—-4 hr.

2. Wash the wells four times with PBS.

3. Block the wells by adding 200-300 ul of 1% BSA. Incubate for 1
hr at 37°.

4. Wash the wells four times with PBS—Tween.

5. Add 100 ul of the diluted crude lysates. This is most easily achieved
by adding 95 ul of PBT to all wells, then carefully adding 5 ul of the lysate.
It is not necessary to pipette up and down, as the samples will be mixed



466 FUNCTIONAL RELATIONSHIP AMONG CDNA TRANSLATION PRODUCTS [25]

with shaking during the incubation. Extreme care must be taken to assure
that the correct lysate is added to each well.

6. Incubate the plate at 4°, with shaking, for 30 min.

7. Wash the wells four times with PBS—Tween. Add 100 ul of anti-
Lacl antibody to each well. The antibody is diluted 1:15,000 with PBT or
according to manufacturer instructions.

8. Incubate the plate at 4°, with shaking, for 30 min.

9. Wash the wells four times with PBS-Tween. Add 100 ul of AP-
conjugated goat anti-rabbit antibody (diluted 1:3000 in PBT) to each well.

10. Incubate the plate at 4°, with shaking, for 30 min.

11. During the incubation, prepare the development solution in a foil-
covered conical tube. For every 45 wells in the assay, dissolve one 5-mg p-
nitrophenol tablet in 5 ml of development buffer. Vortex until the tablets
are completely dissolved. This solution should be made freshly each time,
and it is not necessary to keep this solution on ice.

12. Wash the wells four times with PBS—Tween, then twice with TBS.

13. Develop the ELISA by adding 100 ul of the development solution
to each well. Remember that the color of these wells will be compared, so
it is important to perform this step as quickly as possible to avoid significant
differences in incubation times among the wells.

14. Read the plate in a microtiter plate reader, at A4s. Take readings
of several time points (about one every minute) to assure a reading in the
linear range. The signal is no longer linear above an Ays of 1.0.

When adding the individual lysates to the wells, it is important to assure
that each lysate is added to the correct well. Losing track of which lysate
has been added to which well can ruin an entire plate and force repetition
of the experiment. Also, changing the tip after each 5-ul addition will
ensure that each well receives the same amount of lysate. Because ELISA
results are interpreted by comparing the signals from adjacent wells, it is
important to establish binding conditions in these wells that are as similar
as possible.

Washes are easiest with Nunc-Immuno wash 12 (Fisher, Pittsburgh,
PA), but can also be carried out with a multichannel pipette. If using a
multichannel pipette, it is acceptable to use one set of tips for each of the
four washes at any given step (aerosol-resistant tips are recommended to
prevent liquid from entering the pipette). While washing the wells with a
multichannel pipette, be sure that all tips are filling and dispensing equally.

Sequence Analysis and Search for Candidate Interacting Proteins

After ELISA and DNA sequencing, the corresponding peptide se-
quences for individual binding peptides can be aligned either visually or
by DNA sequence analysis software. The amino acid abundance at each






