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Studying Protein Function

Molecular Genetics

In any study of development, physiology or disease the objective is to use as many appropriate techniques as possible to gain understanding.  However, for the majority of such studies specific genes are the natural center point of investigation.  This is because analysis and manipulation of nucleic acids provide a generally applicable thoroughfare for investigation.  It also makes sense to focus on genes because they are the substrate for functional selections that allowed evolution of the processes we seek to understand.  So far we have concentrated on how you analyze genes (sequencing genomes, determining the location, exact structure and expression patterns of genes).  We also looked at one example of how genetic status can be associated with phenotype (for human genetic diseases).  Beyond this, the analysis of specific genes to understand what they contribute is commonly approached in three different ways:-

(1)  Analysis of a gene product in vitro.  This could be termed biochemistry and often begins by converting a gene into a protein product by expressing it in a foreign host (bacteria, yeast, tissue culture cells, perhaps cell lysates for transcription & translation) followed by purification. 
(2)  Analysis of gene function in the context of a cell.  This is most easily accomplished (for a multicellular eukaryote) using tissue culture cells because they constitute a relatively uniform population of cells that can be readily manipulated, genetically, pharmacologically and otherwise, and assays of outcome are generally easier than in whole organisms.  

(3)  Analysis of gene function in the context of an organism.  This is necessary to investigate how development proceeds, to understand how gene function is regulated among different tissues, to investigate topics (for example, behavior) that cannot be studied in single cells, and in some cases to be sure that a tissue culture cell model does reflect what occurs in an intact organism.  Only limited information can generally be gained from studying humans, so model organisms are frequently used.  In some cases this is because of size and experimental accessibility (say, to make electrophysiological recordings and correlate with behavior) but often it is extremely helpful to be able to manipulate the genetic function of an organism.  Hence, organisms where we know how to manipulate genes are often chosen. 

Each of the above endeavors is greatly enriched by our capacity to test the properties of protein variants.  This allows correlation of protein structure with function, to distinguish the contributions to a cell or organism of each attribute of multi-functional proteins and to explore the normal means by which protein activities are regulated or can become unregulated with significant consequences.  Efficient methods of site-directed mutagenesis of DNA are therefore a powerful complement to the procedures used to express proteins and assay their activities.

Prediction of Protein properties (p190-6)

Most protein sequences are predicted from cDNAs by looking for the initiator methionine codon according to ribosome-binding sequences in prokaryotes and, in eukaryotes, according to much weaker surrounding consensus sequences coupled to the generally valid assumption that the first Met codon in an ORF is used.  Better definition of all protein sequences in the future will come from more detailed determination of mRNA variants and direct protein analysis (such as amino-terminal sequencing) to detect alternative initiation sites (or erroneous prediction of initiator codons), which is currently rarely done (inefficient methods with uncertain rewards). 

The inferred sequence of a protein generally allows several predictions to be made regarding its likely biochemical or cellular function.

Hydropathy plots give a strong indication of whether a protein is membrane-associated (precise topology and subcellular location not so easy to predict).

Comparison to other sequences reveals similarities that place regions of proteins (domains) or whole proteins in families. Extensive libraries of crystal structures and structure modeling allow some success in predicting structural similarity even when primary amino acid sequence similarity is very low (sometimes analogous structures can arise from very different sequences; convergent evolution).  One or more family member likely to be well characterized with regard to structure, biochemical function, cellular function and/or organismal function, providing a prediction for the activities of other family members.

Strong predictions: structure, biochemical activity for unique orthologs, high conservation, similarity throughout protein.

Some predictions are weak because protein domains are modular and can be incorporated into proteins of very different overall function; also the regulatory wiring of different organisms and their cells (protein-protein interactions, gene regulation etc.) can be very different (accounting for diversity despite many similar components).

In practice, both sequence-based predictions and extant knowledge about the functions of a specific protein or its parent gene will guide both the objective for further study of the protein and the methods that are used.

Examples-

Sources of protein

Proteins can, of course, be purified from cells, tissues and whole organisms and many abundant proteins were first characterized in this way.  Proteins, unlike segments of DNA constituting individual genes, are naturally separate from each other, distinctive in their biochemical properties allowing extensive differential purification and some are extremely abundant.  However, some proteins are very rare, others are unstable or non-homogeneous in their states of modification and protein purification is generally expensive and laborious, requiring large amounts of starting materials.  Hence, purification of most proteins exploits non-natural sources. This also has the critical advantage of being able to make protein variants quite readily.

Chemical Synthesis of Peptides and Proteins

Solid-phase peptide synthesis has been possible for nearly 50 years but is not as efficient or as cheap as oligonucleotide synthesis (Hexamers not cheap, 20-mer expensive, hard to exceed 40- or 50-mer in good yield).  Short segments of proteins can have critical activities as protein binding sites (including antibody epitopes and signals for subcellular localization) and sites recognized by enzymes for modification and some entire signaling molecules are short peptides, but most protein domains are longer than 50 amino acids (and not necessarily composed of contiguous amino acid sequence within a protein).  Hence, peptides alone have specialist applications (that can take advantage of the potential to make unnatural variants chemically) but are not commonly used as sources of protein or protein domains.

Genes can be constructed from ligation and/or hybridization of multiple chemically synthesized oligonucleotides.  The procedures are not so simple for proteins but synthetic peptides can also be incorporated into proteins.

Sources of protein from cloned genes (p81-92; 221-247)

Objectives are crucial to consider.

1. Structure, biochemistry- plenty of pure protein- E. coli, baculovirus if necessary, yeast or mammalian tissue culture last resort.

If therapeutic protein is required (insulin, factor X) considerations may be very different (more exacting purity, appropriate post-translational modifications, compatibility with humans, toxicity, scale-up, regulatory approval and economics), leading to different choices.

(a) E.coli

Copy number

Inducible, high activity promoter (lac [+ more repressor], trp, tac, T7 RNA polymerase intermediate; silent OFF state), terminator, translation signals.

Tags- 
purification (His6, GST, MBP, Thioredoxin)


solubility aid


cleavable (enterokinase, factor Xa etc. at tag/protein junction)


retain for assays

N- or C-terminal tags; transcriptional or translational fusion expression vectors

Host strain (growth, proteases, added tRNAs)

Practical findings:-

Many proteins insoluble or inactive (folding difficulties- too much protein, lack of chaperones or partners); not a problem if using as an antigen to raise antibody.

Solutions: domains, changing tags, reducing expression, perhaps co-expression, other family members.

No post-translational modifications (sometimes affecting activity)

(b) Baculovirus

General considerations-

Promoters, RNA processing signals, translational signals matched to host cell type.

Inducible, high level expression

Expression vector may be integrated, episomal, high or low copy number, stably or transiently introduced into cells.

Baculovirus & insect cells

Cheap to grow

Virus allows efficient transient infection with short duration of high expression.

High activity viral promoter identified

How to build a large vector (baculovirus is 128kb)?

Use standard cloning techniques to make (i) critical portion [then allow recombination between complementary, overlapping fragments of co-transfected DNA in insect cells to reconstitute whole recombinant baculovirus genome] or (ii) whole of expression vector in E.coli [using a BAC vector and, for convenience, recombination in E.coli to assemble the complete recombinant BAC from two constituent DNAs].

(c)  Yeast

Episomes vs integration. Single vs multi-copy guide choice of vector.

(d) Mammalian tissue culture cells

Similar choices to yeast plus the option of viruses.

Amplification of expression vector in COS cells or via DHFR selection

Cell-free “in vitro” translation

It has been possible for many years to take favorable cell types and release their contents in such a way that they can perform (at least for a limited period of time) the complex tasks of transcription and translation. This approach was instrumental in breaking down the components required for these processes through fractionation, depletion, add-back and reconstitution studies.

Beyond facilitating understanding these normal cellular processes, cell-free reactions can be used to make macromolecules.  For RNA there is no point using these complex systems because a single readily produced RNA polymerase, such as T7 RNA polymerase, can do the entire job very efficiently.  However, cell free systems are used to produce protein, which necessarily involves many components. The most common cell-free systems have been developed for E.coli, plants (wheat germ) and mammals (rabbit reticulocytes; cleaner extracts from cells with no nucleus). Extracts must be concentrated (so many cells required), can be frozen & are supplemented with amino acids (allowing addition of variants, including radio-labeled amino acids such as 35S-Met), energy-regeneration systems (& more).  Usually endogenous mRNAs are substantially digested by light RNase treatment (followed by nuclease inhibition) and the desired RNA template is added. The RNA template is made by in vitro transcription with enzymes like T7 RNA polymerase. This can be done separately or in the same tube (i.e. just adding dsDNA) in so-called coupled transcription-translation systems.

The most common use is to make small amounts (less than I ng in a 20 microliter reaction) of radiolabeled protein, often in “retic lysates”  Such proteins can be used in binding reactions or to study membrane insertion after adding “microsomes” that include ER.

More recently, continuous flow or other means of replenishing energu and removing toxic products allow longer duration and efficiency so that in some systems mg to mg quantities of protein can be produced (not trivial).

Assaying protein activities in vitro

Enzymatic activity

Small substrates converted to products

Protein modifications (proteases, protein kinases, phosphatases, methlyases, transferases for lipids, sugars…)

Helicases, motors, transporters…

May be able to use predictions to define activity of pure protein more precisely with regard to substrates, kinetics and factors regulating activity.

Protein-Protein interactions

Instrumental in organizing large, stable complexes to act as machines with complex functions (ribosome, spliceosome, RNA polymerase, DNA polymerase, electron transport, proteasome, chromatin remodeling complexes….) and in allowing signaling responses (to external or internal signals) in a cell.  Complexes sometimes arise from single high affinity interactions, other times from multiple low affinity contacts.  Some interactions are constitutive, others regulated, for example by post-translational modifications.  The overall web of interactions is vast, creating a large challenge to map interactions and understand their sigificance.

1. Affinity chromatography (“pull down assays”) generally employing one tagged purified protein that is immobilized on beads via its tag (e.g. Ni2+ beads for a His tag). Either batch-wise or in column is a second protein (often tagged differently).  Allow binding, wash, elute and test eluate for second protein by Western blot.

Second protein may be purified (e.g. from E.coli or baculovirus) or together with many other proteins in a crude or fractionated cell lysate (often tissue culture cells transfected with a tagged protein expression construct) or produced by in vitro translation.  Consider interpretations & significance.

Detailed quantitative studies require pure protein at concentrations appropriate for binding affinity and can use a variety of biochemical assays not explained here (e.g. isothermal calorimetry). A useful alternative is BIAcore.

2. BIAcore- Surface Plasmon Resonance.  Relatively simple to perform, sensitive and with the potential to reveasl information about stoichiometry, quantitative binding  kinetics and affinities.

Principle- SPR measures changes in local refractive index caused by changes in mass of molecules associated with an illuminated support surface. Immobilize one protein on surface, flow second component across surface, make real-time measurements (on-rate, saturation and then off-rate by through buffer without partner protein). Binding protein could be pure or from a lysate but need not be labeled.  Controls- no protein or control protein on surface, extract without binding protein; run in parallel and subtract to deduce contributions of two key binding partners.

3.   Co-precipitation. If two proteins are expressed in a cell (often both are overexpressed by co-transfection of tagged expression constructs), one is attached to a bead (through its tage or using antibody to the endogenous protein). Beads are washed and then proteins eluted and probed on Westerns to look for binding partners.  Detects associations within a cell (direct or indirect). Compare this with mixing extracts followed by co-ppt’n test and with pull-down assays.

4. FRET assays

If specific pairs of fluorophores are very close and appropriately aligned one excited fluorophore can excite the other. Detected by emissions from second fluorophore or reduction of emissions from first fluorophore.  Variety of set-ups to make quantitative measurements and to control for artifacts.  Can probe detailed topography or conformation (often associated with regulatory changes) in vitro or in vivo.  Can be a sensitive test of interactions in vivo conducted at physiological protein concentrations and allowing discrimination of subcellular sites of interaction.

How to make proteins fluorescent?

5. Yeast two-hybrid and complementation assays.

The Yeast two hybrid assay is essentially a protein-protein binding assay.

A non-covalent binding interaction between proteins A and B brings a DNA-binding domain (fused to A) and a transcriptional activation domain (fused to B) together to activate transcription of a marker gene in yeast.  One partner is the known entity (say A) and is in all yeast.  Libraries of candidate interacting protein cDNAs are transformed into yeast to find the recipient that activates marker gene expression.  This yeast cell will have the sought after cDNA as an episome that is readily transformed into bacteria.

The technique is very sensitive and easily allows interaction domain mapping.

It can be used on a large scale to derive proteome interaction maps.
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