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ABSTRACT

Understanding networks of protein–protein interac-
tions constitutes an essential component on a
path towards comprehensive description of cell
function. Whereas efficient techniques are readily
available for the initial identification of interacting
protein partners, practical strategies are lacking for
the subsequent high-resolution mapping of regions
involved in protein–protein interfaces. We present
here a genetic strategy to accurately map interact-
ing protein regions at amino acid precision. The
system is based on parallel construction, sampling
and analysis of a comprehensive insertion mutant
library. The methodology integrates Mu in vitro
transposition-based random pentapeptide muta-
genesis of proteins, yeast two-hybrid screening
and high-resolution genetic footprinting. The strat-
egy is general and applicable to any interacting
protein pair. We demonstrate the feasibility of the
methodology by mapping the region in human
JFC1 that interacts with Rab8A, and we show that
the association is mediated by the Slp homology
domain 1.

INTRODUCTION

Providing a detailed description of networks of protein–
protein interactions poses a formidable challenge in the
post-genomic era (1). An initial task in such an endeavor is
the identification of interacting protein partners, which
can be accomplished using readily available methods such
as the yeast two-hybrid system (2), tandem affinity

purification of protein complexes (3) and computational
predictions (4). However, a detailed mapping of the
interacting protein interfaces of identified protein partners
currently lacks efficient and accessible molecular
techniques.
Currently, the means to specify regions involved in

protein–protein interactions include mutational analyses
(e.g. deletion series and alanine scanning), protein
footprinting with proteases (5) or hydroxyl radicals (6,7),
chemical cross-linking (8), hydrogen–deuterium exchange
experiments (9) and structural studies by NMR or X-ray
crystallography. Each of these methods has certain
drawbacks. Whereas some of them rely on time- and
labor-consuming production of individual mutant
variants and some may lack optimal resolution, others
require highly specialized instrumentation and technical
skills. Obviously, any methodology that could streamline
the process of mapping protein–protein interfaces would
be highly beneficial.
Transposable elements are indispensable tools in

modern genetics, and their ability to insert essentially
randomly into DNA enables the generation of exhaustive
insertion mutant libraries (10). One of the most versatile
DNA transposition tools is the in vitro reaction derived
from bacteriophage Mu transposition (11,12). This system
requires only a simple reaction buffer and three purified
macromolecular components: transposon DNA, MuA
transposase and target DNA (typically a gene of interest
cloned in an appropriate plasmid). The reaction is highly
efficient with relatively low target-site selectivity (12,13).
These characteristics make the Mu in vitro reaction ideal
for the generation of comprehensive mutant DNA
libraries usable in a variety of molecular biology applica-
tions (14–21).
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We devised a powerful Mu transposition-derived
general strategy to accurately map regions involved in
protein–protein interactions. This strategy combines the
generation of a pentapeptide insertion mutant library
(15,20), en masse screening for altered protein–protein
association on a yeast two-hybrid platform, and parallel
analysis of mutant pools using a genetic footprinting
technique. To demonstrate the feasibility of the system, we
mapped the region in human JFC1 protein that is involved
in the interaction with Rab8A.
The Rab protein family, which belongs to the Ras

superfamily of small GTPases, controls intracellular
vesicular transport (22). Rab8A appears to participate in
polarized transport of proteins through reorganization of
microtubules and actin (23). JFC1 was identified as a
Rab8A-binding partner in a yeast two-hybrid screen (24).
This protein belongs to the synaptotagmin-like (Slp)
protein family, and it contains an amino-terminal
conserved Slp homology domain (SHD), including sub-
domains SHD1 and SHD2 (25). The protein also contains
two tandem C2 domains (26) that are involved in
Ca2+-dependent binding of phospholipids, targeting
the molecule to the plasma membrane (27,28). The
JFC1/Rab8A interaction has been verified by in vivo
(co-localization and co-transfection/precipitation) and
in vitro (pull-down) analyses (24).
In this study, we initially generated a comprehensive

JFC1 mutant library with random five-amino acid
insertions. The mutants were then screened in the yeast
two-hybrid system and divided into pools on the basis of
Rab8A-binding characteristics (strong, weak and no
binding). Finally, the respective insertion sites were
localized at nucleotide level accuracy by genetic footprint-
ing. Our detailed analysis of the JFC1/Rab8A interaction
revealed that the SHD1 region of JFC1 is the main
mediator of Rab8A binding. Overall, the strategy pro-
vided a convenient general means to accurately map
interacting regions in protein partners. The fully
optimized system is readily applicable to any protein-
encoding gene.

MATERIALS AND METHODS

DNA techniques and bacterial cultures

Plasmids were isolated using appropriate kits
from QIAGEN. Standard DNA techniques, including
5’-labeling with T4 polynucleotide kinase and [g-33P]ATP,
were performed as previously described (29). The origins
of proteins, oligonucleotides, and reagents are listed
in Table S1. DNA-modifying enzymes were used
as recommended by the supplier. Marker sequencing
ladders were each produced by the use of the Sequenase
2.0 sequencing kit (USB) and an appropriate primer.
Escherichia coli strain DH10B (30) was grown
in Luria Broth (LB) (29), and supplementary antibiotics
were used at the following concentrations when required:
kanamycin (Km, 25 mg/ml) and chloramphenicol
(Cm, 10 mg/ml).

Transposon and plasmids

Transposon cat-Mu(NotI) has been described (20).
Plasmid pEGFP-C1-JFC1 (24) contains the JFC1 coding
region cloned between the EcoRI and XhoI sites in
pEGFP-C1 (Clontech). Plasmid pMPH11 was made from
pB42AD (Clontech) as follows: (i) The NotI site was
removed by filling-in with Klenow enzyme and dNTPs. (ii)
A gene encoding Km resistance (npt, from Entranceposon-
Kanr, Finnzymes) was PCR-amplified using the primers
HSP464 and HSP465 (Table S2), and the generated PCR
fragment was trimmed with ScaI and subsequently cloned
(promoter-distal npt orientation) into the ScaI site of
pB42AD. (iii) Prior to cloning, the npt gene was modified
by introducing, via overlap PCR with appropriate primers
(31), a silent mutation (codon 11, Ser, TCG!TCT) to
eliminate a critical XhoI site. Plasmid pMPH11-JFC1
contains the JFC1-encoding EcoRI–XhoI fragment from
pEGFP-C1-JFC1 cloned between the respective sites in
pMPH11. Plasmids pGildaB-Rab8�Q67L and pGildaB-
Rab8�T22N are versions of pGilda-B (32), and they
encode the indicated Rab8A variants (23,33) with the
respective genes cloned as previously described (33).

JFC1 insertion mutant library

A JFC1 pentapeptide insertion mutant library was
generated using the Mutation Generation System
(Finnzymes) as specified by the supplier. This mutagenesis
system exploits the MuA transposase-catalyzed in vitro
transposition reaction (12) and generates 5-aa insertions in
proteins (15,20). Five standard transposition reactions
were performed, each with 300 ng of plasmid pEGFP-C1-
JFC1 as a target. Following incubation at 308C for 3 h,
reactions were pooled. Reactions were extracted with
phenol and subsequently with chloroform, and DNA was
ethanol-precipitated and re-suspended in water (125ml).
Several aliquots (2 ml) were electroporated as previously
described (34) into DH10B competent cells (50 ml)
prepared as previously described (34). Transposon-con-
taining plasmid clones were selected on LB–Km–Cm
plates. Approximately 1.1� 105 colonies were pooled and
grown in LB–Km–Cm medium at 378C for 3 h. Plasmid
DNA from the pool was then isolated, digested with
EcoRI and XhoI, and subjected to preparative electro-
phoresis on a 0.8% Seaplaque GTG agarose gel in TAE
buffer (29). The 2.9-kb DNA fragment pool, correspond-
ing to transposon insertions into the JFC1-encoding DNA
segment, was isolated by electroelution and ligated into
the plasmid pMPH11 digested with EcoRI and XhoI, and
the ligation mixture was electroporated into DH10B cells
as above. Transposon-containing plasmid clones were
selected on LB–Km–Cm plates, and plasmid DNA was
prepared from �3.8� 104 colonies. The transposon core
sequence was then eliminated from the plasmid pool by a
cleavage with NotI, followed by preparative electrophor-
esis on a 1.7% Seaplaque GTG agarose gel and isolation
of the plasmid backbone as above and recircularization by
ligation at low DNA concentration (1 ng/ml). Ligated
plasmids were electroporated into DH10B cells as above,
clones were selected on LB–Km plates to generate the final
JFC1 insertion mutant library, and DNA was isolated
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from �5.4� 104 colonies as above. Taken into account the
Poisson distribution during sampling, the final insertion
library contained 2.4� 104 independently generated
mutants. The library DNA was also electroporated into
DH10B cells to generate five sub-libraries (100, 500, 1000,
5000 and 10 000 colonies), and plasmid DNA was isolated
as above following selection on LB–Km plates.
Cumulative plasmid pools (representing 600, 1600, 6600
and 16 600 colonies) were generated by mixing appro-
priate library DNA preparations in suitable molar ratios.

Yeast two-hybrid system

The yeast two-hybrid–protein interaction screen was
performed using the MATCHMAKER LexA Two-
Hybrid System (Clontech) according to the manufac-
turer’s specifications. In this system, Saccharomyces
cerevisiae EGY48 (MAT�, his3, trp1, ura3, LexAop(x6)

-LEU2) harboring the plasmid p8op-lacZ serves as a
reporter strain, into which interacting protein partners are
introduced via successive transformation of appropriate
expression plasmids (Figure 1C). The insertion mutant
library was introduced into the above reporter strain, and
colonies were pooled based on their color. The pools were
grown in SD–Ura–His–Trp medium for 3 h, the plasmid
DNA was isolated from the pools with the Qiagen Plasmid
Spin mini kit after vortexing with glass beads for
10–30min in P1 buffer (50mM Tris–HCl pH 8.0, 10mM
EDTA, 100 mg/ml RNase A), and the DNA was intro-
duced into E. coli DH10B by electroporation as described
(34). The pMPH11-JFC1 mutant plasmids were selected
on LB–Km plates.

PCR

Each non-radioactive PCR reaction (50 ml) contained
50 ng plasmid DNA, 0.25mM of HSP508 and HSP509
primers, 200 mM each dNTPs and 1U Vent DNA
polymerase (in New England Biolabs’ ThermoPol reaction
buffer supplemented with 2mMMgSO4). Non-radioactive
PCR conditions consisted of 5min at 958C followed by 25
cycles of 1min at 958C, 1min at 608C and 2min at 728C,
and finally 5min at 728C. Non-radioactive PCR products
were electrophoretically purified using the Qiaquick Gel
Extraction kit. Each radioactive label-containing
PCR reaction (50 ml) contained 50 ng of purified non-
radioactive PCR product, 0.25 mM of each primer
(biotinylated HSP488 and one radioactively labeled
JFC1 gene-specific primer; listed as A-N in Table S2),
200 mM each dNTPs, 1U DyNAzyme II DNA polymerase
(in Finnzymes’ Optimized DyNAzyme reaction buffer).
Otherwise PCR conditions were as above except that the
extension time at 728C varied from 45 to 120 s depending
on the length of the desired PCR product. Radioactively
labeled PCR products were purified using the PCR Clean-
up Nucleospin Extract II kit (Macherey-Nagel, Germany)
and eluted into 30 ml of 10mM Tris–HCl, pH 8.5.

Genetic footprinting

Streptavidin beads (13 ml per each purified radioactive
label-containing PCR reaction) were pre-washed four
times in TEN100 (10mM Tris–HCl pH 7.5, 1mM

EDTA, 100mM NaCl), once in 2� binding buffer
(10mM Tris–HCl pH 7.5, 2mM EDTA, 200mM NaCl)
and finally reconstituted in 30 ml per reaction of
2� binding buffer. Radioactively labeled PCR products
(30ml) were adsorbed to pre-washed streptavidin beads
(30ml) for at least 1 h at RT. The beads were then washed
three times with 0.5ml of TEN1000 (10mM Tris–HCl pH
7.5, 1mM EDTA, 1M NaCl) and twice with
1� restriction enzyme buffer 3 (New England Biolabs),
and incubated in 50 ml 1� restriction enzyme buffer 3
containing NotI (25U) for at least 4 h at 378C. The beads
were removed using a Magnetic Particle Separator
(Roche), and the supernatant was purified by centrifuga-
tion through a Micro Bio-spin 30 column (Bio-Rad)
equilibrated in TEN (10mM Tris–HCl pH 7.5, 0.5mM
EDTA, 50mM NaCl) at 3000 r.p.m. for 4min at RT in a
tabletop microcentrifuge. The supernatant was then
ethanol-precipitated, and the pellet was re-suspended in
3 ml of TE (10mM Tris–HCl, pH 7.5, 0.5mM EDTA) plus
3 ml of 2� formamide loading dye (95% deionized
formamide, 10mM EDTA, 0.1% bromophenol blue,
0.1% xylene cyanol). Samples were analyzed by 7M
urea, 6% polyacrylamide gel electrophoresis as previously
described (35). The gel was dried at 808C onto Whatman
3MM paper, and the bands were visualized by auto-
radiography using a Fuji BAS 1500 phosphorimager with
BAS-Reader 2.9 software (Raytest). Appropriate sequenc-
ing reactions and size markers were electrophoresed in
parallel lanes for the identification of exact target sites.

RESULTS

Experimental design

We devised a general strategy that can be used for fine
mapping of a protein region involved in a specific protein–
protein interaction. The strategy combines a robust DNA
transposition-based en masse insertion mutagenesis
system, a visual yeast two-hybrid screen and a high-
resolution genetic footprinting technique (Figure 1A). To
validate the methodology, we studied a recently char-
acterized interaction between the human JFC1 and
Rab8A proteins. First, we generated a pentapeptide
insertion mutant library of JFC1 (Figure 1B). We then
used Rab8A as a bait in yeast two-hybrid analysis to
distinguish between those JFC1 variants that were able to
interact with Rab8A and those with altered or lost
interaction due to a five-amino acid insertion in JFC1
(Figure 1C). Next, we pooled different clone classes and
located the positions of the insertions in each pool using a
PCR-based footprinting strategy (Figure 1D). Finally, the
critical insertion sites were mapped to the predicted JFC1
protein structure.

Adjustment of the yeast two-hybrid platform

In standard yeast two-hybrid protocols, cells are initially
selected on the basis of their plasmid content on glucose-
containing plates, yielding well-growing yeast colonies.
These colonies are subsequently replica-plated onto a two-
hybrid screening medium where growth conditions induce
the expression of interacting protein partners. In most
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Figure 1. Experimental outline. (A) Flowchart of the high-precision detection of protein–protein interfaces. (B) Construction of the 15-bp insertion
mutant library. (C) Yeast two-hybrid screen. The yeast strain EGY48 carrying the lacZ marker gene-containing plasmid (p8op-lacZ) was transformed
with the plasmid (pGildaB-Rab8A�Q67L) expressing the Rab8A fusion protein and subsequently with the mutant library encoding JFC1 variants
cloned in plasmid pMPH11. Plasmid-containing clones were identified on X-gal-containing selection plates. Clones from white, pale blue and blue
colonies were collected as streaks and grown to form pools of no, weak or strong protein–protein interaction, respectively. (D) PCR-based genetic
footprinting strategy. The JFC1 gene region was first amplified from the insertion mutant library using vector-specific primers. Secondary
amplification was done using a biotinylated vector-specific primer and a radioactively labeled JFC1 gene-specific primer. Following pull-down with
streptavidin beads, the PCR products were digested with NotI (recognition site within the 15-bp insertion), and the soluble fraction was analyzed by
denaturing PAGE and autoradiography.
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systems, galactose serves as an inducer via activation of
GAL1 promoters, resulting in blue colonies on X-gal
indicator plates upon interaction. We reasoned that it
should be possible to combine relatively good growth
conditions with conditions that also induce sufficient
protein expression, thereby permitting color screening
directly on the original transformation plates without
prior replica-plating. Thus, we optimized the growth
conditions (data not shown) on plates using JFC1/
Rab8�Q67L and JFC1/Rab8�T22N pairs that in con-
ventional two-hybrid assays are known (24) to yield blue
(active GTP-bound form of Rab8A, positive control) and
white colonies (inactive GDP-bound form of Rab8A,
negative control), respectively. Under the optimized
growth conditions in this study [including 100mM
sodium phosphate (pH 7.0), 0.6% glucose, 1.4% galactose
and 200 mg/ml X-gal], both deep blue and clean white
colonies could readily be obtained with the above two
protein pairs, demonstrating that the system is very well
suited for distinguishing between interacting and non-
interacting protein partners.

Generation and characterization of JFC1 insertion mutant
library

The insertional pentapeptide mutagenesis strategy based
on Mu in vitro DNA transposition (15,20) can be used to
generate mutant clone libraries with 100% efficiency, i.e.
all the library clones are true insertion mutants and each
clone contains only one insertion (Figure 1B). Such a
library, with 5.4� 104 clones, was generated for JFC1 and
analyzed under the optimized yeast two-hybrid conditions
(see Materials and Methods section, and Figure 1C).
Approximately 92% of the library clones yielded blue
colonies, indicating that most of the generated mutations
did not interfere with the analyzed protein–protein
interaction. However, �5% of the colonies appeared
completely white, and 2–3% of the colonies were
intermediate in color (pale blue), suggesting that the
respective mutations had an effect on the JFC1/Rab8A
interaction. To confirm a successful library construction,
JFC1-encoding plasmids from 22 blue, 27 pale blue and 30
white colonies were subjected to initial restriction analysis
and subsequent sequencing to localize the insertions (see
Materials and Methods section). As expected on the basis
of our previous study (20), each of the analyzed clones
contained an accurate 15-bp insertion (Table S3), indicat-
ing a high quality library. Most (83%) of the white colony-
yielding insertions localized between the nucleotides 116
and 170 of the JFC1 gene, encoding the SHD1 domain
close to the N-terminus of JFC1, and most of the pale blue
colony-yielding insertions were located in a close proxi-
mity to this same region, suggesting that an interacting
protein interface can be identified with the chosen
strategy.

Optimization of footprinting

Analysis of mutants as pools is arguably the most effective
means to exploit the potential of an insertion mutant
library. Thus, we devised a footprinting strategy, by which
it should be possible to analyze a large number of mutants

simultaneously (Figure 1D). To test the feasibility of this
strategy and to determine the optimal number of pool
clones for the analysis, we first made DNA preparations
representing five clone pools with cumulative 100, 600,
1600, 6600 and 16 600 member clones (see Materials and
Methods section). The entire JFC1-encoding insert was
then PCR-amplified from the pooled DNA samples using
a vector-specific primer pair. The amplified inserts were
then used as template to amplify shorter gene segments
using primer pairs consisting of a radioactively labeled
and a biotinylated primer (Figure 1D). Following pull-
down with streptavidin-coated beads and subsequent NotI
digestion, reaction products were analyzed by denaturing
polyacrylamide gel electrophoresis and autoradiography
(Figure S1). In this experiment, we used two independent
JFC1 gene-specific radioactively labeled primers that
hybridized at a 22-nt interval to verify insertion-associated
specificity of the data as well as reproducibility of the
procedure. In general, the number of different-length
radioactive products increased in accordance with an
increase in the number of clones present in the DNA
sample. The control wild-type JFC1 generated only the
full-length PCR product but no radioactive restriction
products, indicating that the detected reaction products
from mutant pools were insertion specific (Figure S1). In
addition, the two independent primers produced identical
band patterns, further verifying the specificity and
indicating that the entire process can be duplicated
independent of the radioactively labeled primer.
Altogether, these data showed that the strategy could
reliably be used to map insertion sites. All the analyzed
plasmid pools generated relatively clear band patterns.
However, the presence of a moderate number of pooled
clones (e.g. 100 and 600) appeared to be optimally suited
for this analysis, as the distribution of radioactive label in
these cases was restricted to fewer and thus more intensely
labeled reaction products.

Selection and genetic footprinting

Having established suitable conditions for comparative
parallel analysis of mutant pools, we next compared
insertions in plasmids from blue, pale blue and white
colonies from the two-hybrid screen. We generated a pool
of 174 white and a pool of 35 pale blue colonies.
In addition, six pools of 100 blue colonies each were
generated. Plasmid DNA was isolated from these pools,
and the insertion sites along the entire length of the JFC1
encoding gene were then mapped using 14 JFC1 gene-
specific radioactively labeled primers located at �120-bp
intervals (Figure S2). This strategy produced partially
overlapping band patterns in autoradiographs (Figure 2),
and most gene regions were thus analyzed twice, giving
rise to high-quality data (Figures 3 and 4). The pool of
white colonies produced 48 distinctive bands, and the vast
majority of the respective insertions were localized to the
same SHD1 domain that was revealed in the above-
mentioned sequence analysis of individual clones.
The pool of pale blue colonies produced 33 bands with
most of the respective insertions within or surrounding
the SHD1 domain. The blue colony pools revealed 389
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apparent insertions that were scattered relatively
evenly along the entire length of the protein; however,
with insertions poorly represented within the SHD1
domain (Figure 3).

In some cases the same apparent insertion was detected
in both white and blue (or pale blue) colony pools. To
resolve the frequency of false positive/negative cases, we
reintroduced the ‘white’ and ‘blue’ plasmid pools into

Figure 2. Genetic footprinting with two radioactively labeled primers. A total of 174 white (W) and 35 pale blue (PB) colonies were picked to form
pools of no protein–protein interaction and weak interaction, respectively. Six independent pools of blue colonies (100 clones each, labeled 1–6) were
collected to represent strong interaction. PCR, denaturing PAGE and autoradiography were used to analyze the pools. The wild-type JFC1 clone
(wt) served as a negative control. The size marker lanes (M) contain a representative selection of individually sequenced insertion variants (see
Results section, and Table S3) with a known insertion site (indicated as a nucleotide position above each band), allowing accurate mapping of
insertion sites in the footprinting data. Sequencing reactions (C and G) assisted in the estimation of band spacing in different parts of the
autoradiograph.
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yeast cells and calculated the number of colonies with a
switched color phenotype. One to two percent of the
colonies originating from the ‘white’ pool appeared blue
and a similar fraction of colonies derived from the ‘blue’
pools was white, indicating that the system generates a
low-frequency background of false positive and false
negative data.

Structural predictions

Several secondary structure prediction programs, includ-
ing CHOFAS and PELE at Biology WorkBench http://
workbench.sdsc.edu/, suggested a long a-helix within the
SHD1 region in JFC1 (aa 32–68, Figure 4). JFC1 is
structurally similar to Rabphilin-3A (36) (Figure 5A), and
its interacting partner Rab8A is structurally related to
Rab3A (37) (Figure 5B). In addition, Rabphilin-3A/
Rab3A co-crystal structure is available (38). Therefore,
we used this structural data to model the SHD1 helix
architecture and investigated the distribution and effects
of the insertion mutations (Figure 5C and 5D). The
critical insertions were located along the entire length of
the helix, and they all seemed to abolish the JFC1/Rab8A
interaction by restructuring the helix and ultimately
destroying important amino acid side-chain contacts
between the two proteins.

DISCUSSION

We described here an efficient strategy to define interact-
ing protein regions for two protein-binding partners. It is
based on simultaneous generation of a large number of
insertionally mutated protein variants that are screened
for an altered protein–protein interaction on a yeast two-
hybrid platform and parallel mapping of the respective
insertion sites using a PCR-based DNA footprinting
strategy with pooled DNA samples. This methodology is
general and pinpoints with high precision those protein
interfaces that are involved in a specific interaction. As a
proof of principle, we analyzed the interaction between the
human JFC1 and Rab8A proteins.
The Mu in vitro transposition-based insertion mutagen-

esis system generates essentially randomly distributed five-
amino acid insertions in proteins. It is accurate and highly
efficient, yielding 100% mutants, and can be used to
generate exhaustive mutant libraries (20). Our JFC1
library was composed of 24 000 independent clones,
which implies more than 14-fold insertion-per-nucleotide
coverage within the JFC1 gene. The accuracy and wide
distribution of insertions were evident from the DNA
sequencing and footprinting data.
We adopted the commonly used yeast two-hybrid

system in our strategy but modified it in two critical

Figure 3. Location of the insertions within the JFC1 sequence in relation to the observed interaction with Rab8A as determined by sequencing
or genetic footprinting. The schematic structure of the JFC1 protein indicates the location of the SHD and C2 domains.
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Figure 4. Location of insertions in JFC1 and the corresponding protein–protein interaction strength by colony color. Amino acid positions are
numbered. Predicted secondary structure elements are indicated as bars (a-helices) or arrows (b-strands). Small vertical arrows point to the exact
location of each insertion (in each three-letter amino acid designation, the first letter represents the first nucleotide of the corresponding codon, etc).
The boxes attached to the arrows depict data from the footprinting experiments and the circles depict sequencing data. The colors indicate the
strength of the protein–protein interaction (blue, strong interaction; pale blue, weak interaction; white, no interaction). The numerals inside
the boxes and circles indicate the number of insertions identified at any given position (if more than 1).
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ways. First, we adjusted the yeast growth medium to
promote adequate levels of induced protein expression
without overly compromising cell propagation, which
enabled us to classify the colonies based on their color on
the primary transformation plates. Second, we modified
the JFC1-encoding carrier plasmid to include a
Km-resistance cassette in order to allow its straightfor-
ward transfer into E. coli following the screening phase

in S. cerevisiae. The pool size appeared not to be very
critical for the described strategy, although those pools
that contained a few hundred clones generated the most
easily interpretable data.
Functional analysis of the JFC1/Rab8A interaction was

accomplished by subjecting the selected JFC1 mutant
pools to comparative parallel analysis using a PCR-based
strategy. Following gel analysis and autoradiography,

Figure 5. Structural predictions. (A) A schematic representation of human JFC1, Rabphilin-3A, Noc2 and Rim2 proteins and sequence alignment of
their SHD1 regions. The SHD regions are shown as black boxes. This region in Rabphilin-3A, Noc2 and Rim2 is divided into two separate domains
by a Zn2+-binding motif, which is absent in JFC1. The two tandem C2 domains are represented by gray boxes. Identical amino acids are shown by
asterisks, conserved substitutions by colons and semiconserved by dots. The total length of the proteins is indicated on the right in the scheme.
(B) Sequence alignment of human Rab8A, Rab3A and Rab27A proteins. Amino acid conservation is shown as above. Switch I and II and the
RabCDR regions (38) that participate in the Rab3A/Rabphilin-3A interface are marked with dashed lines. (C) Schematic drawing of the structure of
the JFC1 protein. The interacting SHD1 helix is shown as a cylinder. The relative orientation of the other domains is not known; they are indicated
by lines and ovals. (D) Structural model of the interface between JFC1 and Rab8A. The SHD1 helix of JFC1 was modeled with InsightII (Accelrys
Software Inc.) on the basis of Rabphilin-3A complexed with Rab3A (PDB code 1ZBD). The helical region was assigned by the use of sequence
comparisons and secondary structure predictions. The Rab3A surface is shown in red. The SHD1 helix (aa 32–68) is indicated in cyan and several
disruptive insertion mutation positions in yellow. Rab3A is shown to indicate the interaction surface typical for Slp proteins and their partners, and it
is drawn on the basis of the Rab3A–Rabphilin-3A complex. Only the SHD1 helix was modeled for this figure, as the surrounding sequences did not
display enough similarity.
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this type of genetic footprinting assay generates a visual
read-out where reciprocal band patterns can be seen
between the insertion mutant pools representing unaltered
versus altered protein–protein interaction. Previously,
genetic footprinting approaches have been used to analyze
genes, proteins and entire genomes to identify regions
essential for a particular function (16,18,39–43). To our
knowledge, this is the first time that genetic footprinting
has been combined with a yeast two-hybrid analysis.
However, we note that several pentapeptide insertion
mutants have previously been analyzed individually using
a yeast two-hybrid platform (44,45).
The footprinting analysis pinpointed a short region in

JFC1, in which the insertions disrupted the interaction
with Rab8A, indicating that this region must be involved
in Rab8A binding. The identified region overlaps with the
known SHD1 domain located at the N-terminus.
Insertions elsewhere in the protein, including the SHD2
and C2 regions, largely retained the interaction. SHD1
and SHD2 domains constitute an SHD region, also
known as the Rab-binding domain (38), a common
motif among the members of the Slp family. In this
protein family, the two domains are typically separated by
a Zn2+-binding motif (46), but in JFC1 these domains are
directly joined, and the Zn2+-binding motif is missing.
A common feature among the members of the Slp1 family
proteins is that they bind Rab27A via the SHD region
(46). A similar SHD region is present in a number of
Rab3A- and/or Rab8A-binding proteins, such as
Rabphilin-3A, Noc2, Rim1 and Rim2 (47,48)
(Figure 5A), suggesting similar binding mode.
To model the JFC1/Rab8A interface, we utilized several

secondary structure prediction programs and 3D struc-
tural information available from the co-crystal complex of
Rabphilin-3A and Rab3A (38). The co-crystal structure
reveals a 34-residue a-helix in Rabphilin-3A that is
directly involved in Rab3A binding, and the same helix
is known to participate in Rab27A binding (46). The
SHD1 region of JFC1 involves an analogous predicted
a-helix (aa 32–68, Figure 4). Insertions that abolished the
interaction are located along the entire length of the helix,
and we assume that an insertion at any location within the
helix would modify the local structure and break critical
amino acid side-chain interactions essential for Rab8A
binding.
The described system is universally suitable for high-

resolution mapping of protein–protein interfaces. Any
protein-encoding gene cloned in an appropriate vector can
be subjected to Mu in vitro mutagenesis to yield
comprehensive libraries, and the yeast two-hybrid screen
can be accomplished with any pair of appropriate
plasmids encoding the interacting protein partners. In
the two-hybrid system used, the appearance of false
positive or false negative colonies is relatively infrequent.
This frequency of 1–2% is tolerable and does not interfere
with the data interpretation. The benefit of the system is
that it allows a comprehensive simultaneous analysis of
the entire length of the protein-encoding gene without
separately cloning individual mutants. Once the insertion
library has been generated, it can be used in multiple
screens to identify regions involved in interactions with

different protein partners. Overall, the system provides a
means for a high-resolution analysis of protein–protein
interfaces without the requirement for prior knowledge of
the protein structure. The methodology is straightforward
and can be applied in any standard molecular biology
laboratory, as no special equipment or technical expertise
is needed. To provide a proof for the generic nature of the
methodology, we have now analyzed an interface between
two yeast proteins (Sec1 and Mso1) using identical
protocol, and this analysis has revealed novel inter-
acting regions (Weber, M, HT, MP, HS, and Jäntti, J,
unpublished data). The next challenge will be linking of
the described strategy to high-throughput technologies,
including capillary electrophoresis and massive parallel
sequencing platforms.
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