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Abstract
Structure-function studies of membrane proteins present a unique challenge to researchers due to the
numerous technical difficulties associated with their expression, purification and structural
characterization. In the absence of structural information, rational identification of putative
functionally important residues/regions is difficult. Phylogenetic relationships could provide
valuable information about the functional significance of a particular residue or region of a membrane
protein. Evolutionary Trace (ET) analysis is a method developed to utilize this phylogenetic
information to predict functional sites in proteins. In this method, residues are ranked according to
conservation or divergence through evolution, based on the hypothesis that mutations at key positions
should coincide with functional evolutionary divergences. This information can be used as the basis
for a systematic mutational analysis of identified residues, leading to the identification of functionally
important residues and/or domains in membrane proteins, in the absence of structural information
apart from the primary amino acid sequence. This approach is potentially useful in the context of the
auditory system, as several key processes in audition involve the action of membrane proteins, many
of which are novel and not well characterized structurally or functionally to date.
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1. Introduction
There is usually minimal or no secondary and tertiary structural information for membrane-
associated protein families in general, due to the technical difficulties associated with the study
of membrane proteins. Attempts to locate specific functional domains and/or residues essential
for function in membrane proteins are therefore extremely challenging, and more often than
not employ shotgun approaches such as mutating all charged residues, putative
phosphorylation or glycosylation sites, consensus/conserved motifs, etc. An alternative
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approach is to utilize evolutionary relationships in protein families to obtain structural and
functional information. The computational method of Evolutionary Trace (ET) ranks
individual residues in proteins by correlating amino acid variation patterns with functional
divergences in protein families (1). ET analysis thus combines the power of computational
analysis with the insights offered by evolutionary and phylogenetic comparison of protein
sequences.

The key hypothesis upon which ET analysis rests is that substitutions at residues that are more
important to function should necessarily be linked with greater evolutionary divergences than
substitutions at residues of lesser importance (1,2). Therefore, in order to estimate the
functional importance of a residue, ET looks for specific patterns of amino acid variations in
multiple sequence alignments of a family of ancestrally related proteins (homologs).
Specifically, ET looks for conservation within subgroup partitions of the entire family, where
the partitions are defined by successive divergences at every node of the evolutionary tree.
Thus partition 1, or the root partition is the entire family, partition 2 consists of two subgroups,
each defined by one of the first two branches, partition 3 consists of three subgroups, each
defined by one of the first three branches, and so on until partition n, where each one of the
n sequences is in its own singlet subgroup (Fig. 1). For each residue, ET systematically tests
every partition starting from partition 1 to find the first, say partition i, at which a residue’s
position becomes invariant in everyone of its i subgroups. This partition number, i, is the ET
rank of evolutionary importance for that sequence alignment position.

The top-ranked residues (with ranks of 1, 2, 3, …) are called trace residues and they have
important characteristics. First, except for the residues of rank 1 which must be invariant, other
residues must vary among some homologs, and the variations may be non-conservative.
Second, these variations occur only among major evolutionary branches of trace residues, so
that top-ranked trace residues are strongly linked with the functional divergences of the
corresponding subfamilies. Third, clusters of top-ranked residues are a common feature of
protein tertiary structure and they usually indicate functional sites or molecular recognition
surfaces in proteins (3,4). Residues identified by ET analysis can be then subjected to
systematic mutational and functional studies, including evaluation of protein stability,
trafficking, membrane expression, and appropriate functional assays (5–8). Using these
techniques, we have shown that residues in the region of the sulfate anion transporter domain
of the outer hair cell membrane protein prestin are essential for its function (9). This analysis
provided insight into the local structure and packing of the transmembrane helices associated
with the sulfate anion transporter domain.

2. Materials
2.1. Evolutionary trace analysis

1. Primary amino acid sequence of membrane protein of interest.

2.2. Generation of mutants
1. Quikchange site-directed mutagenesis kit (Stratagene, La Jolla, CA).

2. Qiagen Spin Miniprep kit (Qiagen, Valencia, CA).

3. Appropriate mutagenesis primers (see Subheading 3.2 step 2 for primer design).
Primers can be obtained from a commercial DNA synthesis service such as Sigma-
Genosys (the minimum synthesis scale –3 OD, and basic purification scale is
sufficient. Since primers are supplied as lyophilized powder, dissolve primers in water
to a stock concentration of 1 μg/μL, and store at −20°C until further use.

4. Relevant wild type (Wt) gene cloned into a mammalian expression vector.
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5. Thin-walled PCR tubes (200 μL capacity).

6. PCR thermocycler.

7. Super Optimal broth – Catabolite repression (SOC) medium (per liter): 20 g Bacto-
tryptone, 5 g Bacto-yeast extract, 0.5 g NaCl, pH 7.0. Autoclave and allow to cool.
Add glucose to a 20 mM final concentration and store at 4 °C.

8. Falcon disposable culture tubes with caps (BD Biosciences, San Jose, CA).

9. Luria Bertani (LB) broth (per liter): 10 g Bacto-tryptone, 5 g Bacto-yeast extract, 10
g NaCl, pH 7.0. Autoclave and store at 4 °C.

10. Plasmid mini-prep kit (Qiagen, Valencia, CA).

11. Appropriate LB agar plates (per liter): 10 g Bacto-tryptone, 5 g Bacto-yeast extract,
10 g NaCl, 1.8 g agar, pH 7.0. Autoclave, cool to about 50 °C, add appropriate
selection antibiotic and pour 20–25 ml into each 10 cm plate. Store at 4 °C.

12. XL-1 blue competent E. coli cells (Stratagene, San Diego, CA).

13. DpnI restriction enzyme.

2.3. Evaluation of membrane expression of mutants
1. HEK 293 or other appropriate mammalian cell line.

2. 12 mm circular glass cover slips.

3. Dulbecco’s Modified Eagle Medium (DMEM; Hyclone, Ogden, UT) supplemented
with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA) and 1% penicillin/
streptomycin (Invitrogen). Store at 4 °C.

4. Fugene 6 transfection reagent (Roche, Indianapolis, IN).

5. Poly-d-lysine coated 24-well plates (Greiner Bio-One, Monroe, NC).

6. Trypsin (Hyclone).

7. Wild Type (Wt) and mutant DNA plasmids.

8. Phosphate-buffered saline (PBS): 137 mM NaCl, 10 mM Phosphate, 2.7 mM KCl, pH
7.4.

9. PCM buffer: Mix PBS with 1 mM CaCl2 and 0.5 mM MgCl2 just before use.

10. 4% paraformaldehyde (PFA): Heat 50 mL water to 75 °C using a hotplate or
microwave. Add 4 g paraformaldehyde and 10 μl NaOH while stirring. After the PFA
dissolves, allow solution to cool to room temperature and filter using Whatman
Qualitative Grade 5 filter paper (Maidstone, UK). Add 10 mL PBS and make up to
100 mL using Milli-Q (18MΩ) H2O.

11. TritonX-100: 10% stock solution in Milli-Q H2O.

12. Bovine Serum Albumin (BSA), Immunology grade – IgG free (Jackson
ImmunoResearch Inc., West Grove, PA).

13. AlexaFluor350 labeled concanavalin-A (Invitrogen).

14. Appropriate primary and AlexaFluor594-labeled secondary antibodies for protein of
interest.

15. Fluoromount™ antifade reagent (Electron Microscopy Sciences, Hatfield, PA); clear
nail polish/lacquer.
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16. Small forceps; glass microscopy slides (25 ×75 ×1 mm).

3. Methods
3.1 Evolutionary trace analysis

1. Identify sequence homologs to the sequence of interest, using a BLAST (Basic Local
Alignment Search Tool) search in conjunction with NCBI’s (National Center for
Biotechnology Information) non-redundant protein sequence database, the blosum62
substitution matrix and default parameters.

2. Retrieve and list the complete sequences of the top 100 homologs (see Note 1), using
the following criteria: e-value > 0.05, and covering at least 50% of the sequence of
interest. Sequences may be retrieved from NCBI’s protein database using the search
engine.

3. Generate an initial multiple sequence alignment using the CLUSTALW alignment
tool (http://ca.expasy.org/). Use the full alignment option and default parameters (gap
open penalty 10, gap extension penalty 0.05).

4. Group the sequences into sub-families based on phylogenetic and evolutionary
considerations (i.e., based on the species of the source organism and its position in
evolutionary history), using this initial alignment as the starting point (see Note 2).

5. Refine this initial alignment. Remove evolutionary outliers (protein sequences with
remote evolutionary connection to the target sequence; see Note 2) from the sequence
list and delete partial sequence fragments in the multiple alignment.

6. Gaps in the sequence are treated as a 21st amino acid, denoted by an X, in evolutionary
trace analysis. This is merely a computational device and not a biophysically relevant
assumption. This convention serves to indicate that a deletion or insertion took place
that was then conserved in all protein descendants, suggesting some functional
importance at the location of those gaps.

7. Assign residues trace ranks based on the minimum number of branches into which
the protein family tree must be partitioned for that residue to be invariant within each
branch. A residue of rank i is invariant within each of the first i branches of the tree
(starting from the root), but variable within one of the first (i − 1) branches. In general,
the higher the rank of a trace residue, the more strongly it is likely to be linked to the
specific function of the subfamily within which it is conserved. Also, residues can be
ranked by measuring the information entropy within each branch and sub-branch as
described in Mihalek et al (10).

8. Identify clusters of highly ranked trace residues in the primary sequence of the protein
of interest; such clusters may indicate functionally important regions or domains.
These residues may be used for targeting site-specific mutations to identify functional
regions, residues or domains in the protein. (see Notes 3–7).

9. Two ET web servers (11,12) are available at http://mammoth.bcm.tmc.edu/. (see Note
8)

3.2 Generation of mutants
1. Design mutations at each trace residue position identified to elicit maximum structural

and functional information about the residue at that position. Therefore, create
mutants using systematic variations in the size, charge and/or hydrophobicity of each
trace residue.
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2. Design appropriate mutagenesis primers using the Wt nucleotide sequence as a
template. Guidelines for primer design are as follows:

a. Design primers between 25 and 45 bases in length.

b. Choose a codon for mutation that is approximately in the middle of the
sequence, with 10–15 bases on either side; the sequence should incorporate
the replacement codon in place of the original Wt codon.

c. Make sure that the annealing temperature (Tm) of the primer is greater than
78°C.

d. Design a reverse primer that is complementary to the forward primer.

e. Design forward and reverse primers with at least 40% GC content and design
so that they end in one or more GC bases as a 3′ clamp.

f. Avoid secondary structure in designed primers, specifically at their 3′ ends.

g. Analyze primer sequences for secondary structure (hairpins, loops etc), GC
content and Tm using free primer analysis software available online at
http://www.premierbiosoft.com/netprimer/netprlaunch/netprlaunch.html.

3. Dilute Wt plasmid template stock to a working concentration of 10 ng/μL using
double-distilled, deionized water. Also, dilute each primer to a working concentration
of 125 ng/μl.

4. Assemble a PCR reaction mix in a thin-walled 200 μl microcentrifuge PCR tube. Add
each component carefully as individual droplets to the wall of the PCR tube in order
to visually verify the addition of each small volume.

a. 1–3 μL Wt DNA template.

b. 1 μL forward primer and 1 μL reverse primer.

c. 1 μL dNTPs (supplied with kit).

d. Add 35 to 37 μL distilled RNAse-free water, followed by 5 μL of the supplied
10X buffer, and 3 μL of the supplied Quiksolution (Quickchange II kit). Tap
or flick the tube gently to facilitate mixing of the components, then place in
the heating block of the PCR thermocycler.

5. Program the thermocycler to include the following steps:

a. Initial ‘hot-start’ phase (95°C - 1 min). Add Pfu polymerase at the end of the
‘hot-start’ phase to ensure complete melting of template DNA and any
primer dimers prior to the annealing and extension phases; this improves
PCR efficiency

b. Melting (95°C – 1 min)

c. Annealing (60°C – 1 min)

d. Extension (68°C – 1 min/kb of plasmid length).

e. Repeat steps b through d 17 times, for a total of 18 cycles.

f. Final extension phase of 68°C for 7 min.

6. Following PCR amplification, add 1 μL of DpnI restriction enzyme to the PCR tube,
and incubate at 37°C for 60 to 90 min.

7. Use 1 to 2 μL of the DpnI-treated amplification product to transform XL-1 blue
competent E. coli cells (TOP10 cells from Invitrogen may be substituted) by adding
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the DNA to 50 μL of competent cells in a pre-chilled 15 mL Falcon tube and incubate
on ice for 30 min. Heat-shock the cells for 30 to 35 s at 42°C followed by incubation
on ice for 2 min. Add 250 μL of room temperature SOC medium and plate 50 to 100
μL onto appropriate antibiotic selection LB agar plates. Incubate overnight at 37°C.

8. Pick one or two colonies per plate for overnight growth in 2–5 mL of liquid LB
medium supplemented with appropriate antibiotics.

9. Perform a plasmid preparation using the Qiagen Spin Miniprep kit (Qiagen) according
to the manufacturer’s instructions. Verify presence of desired mutations by
sequencing.

3.3 Evaluating membrane expression of mutants
Day 1

1. Sterilize glass cover slips under UV light (1 h) and place in wells of a sterile 24-well
plate.

2. Add 500 μL of medium (DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin) to each well.

3. Add an appropriate amount (12 μL if starting from a confluent 10 cm plate, or 40 μL
from a 60 mm plate) of trypsinized HEK 293 cells from a pre-existing cell line into
each well for 20% confluence

4. Incubate at 37°C overnight, to allow the cells to reach 50 to 70% confluence.

Day 2
1. Mix 225.6 μL of DMEM (without supplements) and 14.4 μL of Fugene 6. Incubate

for 5 min at room temperature.

2. Divide the mix into 12 microcentrifuge tubes at a concentration of 20 μL each.

3. Add 400 ng DNA to each tube. Incubate 30 min at room temperature.

4. Add 10 μL into each well. Incubate plate at 37°C (see Note 8).

Day 4
1. Remove plate from incubator, remove medium by aspiration.

2. Wash each well 2 times with 500 μL PCM buffer for 5 min at room temperature.

3. Add 300 μL of a 100 μg/mL concentration of Concanavalin-A-Alexa 350 in PCM
buffer. Incubate 1 h on ice. (see Note 9).

4. Wash each well 2 times with 500 μL PCM buffer for 5 min at RT.

5. Fix with 300 μL 4% PFA for 10 min at room temperature.

6. Wash each well 2 times with 500 μL PBS buffer for 5 min at room temperature.

7. Permeabilize with 500 μL PBS containing 0.1% Triton for 3 min at room temperature.

8. Wash 1 time with 500 μL PBS for 5 min at room tmeperature.

9. Cover with 1% BSA in PBS (500 μL) and incubate for 1 h at room temperature.

10. Incubate cells with 300 μL of the appropriate primary antibody in PBS for 2 h at 37°
C, or overnight at 4°C. Make sure cells in each well are covered by buffer.

11. Wash each well 2 times with 500 μL PBS buffer for 5 min.
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12. Cover cells with appropriate secondary antibody labeled with AlexaFluor594 in PBS
for 1 h at room temperature.

13. Wash 3 times with 500 μL PBS.

14. Remove coverslips from wells using forceps, blot excess liquid from the edges onto
lint free tissue paper (e.g. Kimwipe, Kimberly-Clark, Dallas, TX).

15. Add a drop of Fluoromount reagent on a clean dry slide. Invert cover slip (cell side
down) onto the drop.

16. Seal the edges of the cover slip with clear nail polish. Allow to dry 2–3 h at room
temperature before storing slides in the refrigerator at 4°C.

17. View slides under deconvolution microscope at 63× magnification using appropriate
wavelength filters. Analyze images for colocalization of concanavalin-A
immunofluorescence with that of AlexaFluor 594, which has been used to label the
protein under study.

4. Notes
1. ET analysis can be done for any sample size of sequence homologs. If a structure is

available, the statistical significance of structural clustering among top-ranked
residues can be computed (13) to judge the results reliability. When a structure is not
available, a minimum number of 15–20 sequences will typically produce useful
evolutionary trace rankings, but this also depends on the evolutionary spread of these
sequences.

2. A comprehensive evolutionary and phylogenetic tree encompassing the majority of
known organisms can be found at the Tree of Life web project
http://www.tolweb.org. This information, combined with the taxonomical
information included with the protein sequence in NCBI’s database, may be used
when ordering the sequences for computational analysis. Evolutionary outliers may
also be determined and discarded based on this information.

3. Further information on ET analysis (1–4) and its applications to several diverse
systems (5,6,14–16) is readily found in the literature.

4. Other computational methods based on similar evolutionary and phylogenetic
considerations have been developed (17–20). Such phylogeny-based computational
analyses have been used in at least two studies to predict functional regions in proteins
involved in audition (9,21).

5. Evolutionary Trace residues have been shown to exhibit regular periodicity in
transmembrane helices and can, therefore, be used to confirm and/or refine the results
of a hydrophobicity-based transmembrane topology prediction (9).

6. We have used Evolutionary Trace analysis, in conjunction with electrophysiological
measurements of non-linear capacitance, as a readout of prestin activity, to pinpoint
residues in a conserved motif region of the prestin protein that are essential for its
function. Further, by analyzing the effects of charge and size substitutions, we have
been able to conclude that tight packing of the transmembrane helices in this region
is essential for prestin activity. Results of functional assays of individual mutants are
shown in Fig. 2 below, and a more detailed account of the study can be found in
Rajagopalan et al., 2006 (9).

7. An automated Evolutionary Trace analysis can be now performed at the ET servers
at http://mammoth.bcm.tmc.edu/server.html. However, a step-by-step protocol has
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been provided to facilitate a thorough understanding of the method, and to allow
manual refinement of the automated results when necessary.

8. These volumes are for an experiment where you use 12 different mutants and all 24
wells, with duplicates of each mutant. Change volumes appropriately depending on
your experiment.

9. Concanavalin-A binds to carbohydrates on the cell surface, and is therefore used as
a marker for cell membranes. Con-A labeled with AlexaFluor can be used in
immunohistochemical analyses to label membranes, which can then be analyzed
microscopically for colocalization to various labeled proteins to evaluate membrane
expression of these proteins.
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Fig. 1.
A schematic representation of the residue ranking system used in Evolutionary Trace analysis.
Trace residues are invariant within a given branch but may vary between them. Rank 2 residues
(position 1, underlined and italicized), defined by the second branchpoint, are invariant within
a subgroup (black) but vary from the other subgroup (gray). Note: the first branchpoint is the
root and includes the entire family. Rank 4 residues are invariant within subgroups defined by
the fourth branchpoint. Trace residue positions are denoted by Xs, underlined and italicized,
at the bottom of the alignment in this schematic.
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Fig. 2.
Normalized membrane capacitance of prestin single mutants. (A) Five single substitutions at
A100: A100S (□), A102G (○), A102V (X), A102L (△) and A102W (□). A100V, L and W
(clustered at bottom) have minimal voltage dependence, similar to untransfected or mock-
transfected controls. (B) Five single substitutions at A102: A102S (□), A102G (○), A102V
(X), A102L (△) and A102W (□). A102V, L and W have minimal voltage dependence, similar
to untransfected or mock-transfected controls. (C) Three single substitutions at L104: L104V
(□), L104I (△) and L104W (■). L104W has minimal voltage dependence, similar to
untransfected or mock-transfected controls. (D) Capacitance plots of L113W (▲) and F117W
(□). Representative plots, normalized relative to C (Vpkc) and Clin, from single cells are shown.
In all panels, a representative plot of WT prestin is shown for comparison (●). Differences in
magnitude of NLC have been ignored in this representation.
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