Chapter 3
25 Years of HIV-1 Biochemistry

David E. Ott

Retroviral biochemistry came to the forefront in the late 1960s, the co-discovery of
reverse transcriptase by Howard Temin’s and David Baltimore’s laboratories [1, 2].
Retroviruses, originally referred to as RNA tumor viruses, oncoviruses, or oncorna-
viruses, were being studied for their induction of cancer mostly in avian and murine
systems [3, 4]. The term retrovirus first appeared in 1975 [5], reflecting the realiza-
tion that these RNA viruses go against the “central dogma” of molecular biology,
which held that DNA was the principal source of cellular information with genes
being expressed by transcription into RNA which is then translated into proteins [6,
7]. RNA tumor viruses were found to reverse this going from RNA to a viral DNA
form that is integrated into the host to form a provirus, a mechanism first hypothe-
sized in the 1960s by Howard Temin (see his Nobel Prize lecture [8] for a historical
review). The HIV-1 proviral form acts as a stable locus of genes in the cell, produc-
ing both viral proteins and the viral RNA genome through a complex series of
molecular gymnastics. Hence, the term retrovirus for backward virus was coined.
However, it is important to remember that this major advance as well as other in
retroviral biochemistry was before the advent of many of the modern biochemical
tools, instead relying on rudimentary forms of analysis, protein purification, enzy-
mology, chromatography, protein sequencing [9, 10], spectrometry, velocity sedi-
mentation, density centrifugation, and immunodiffusion. However, progress was
slow and the ability to accurately analyze complex mixtures of proteins was nonex-
istent, unlike today with current mass spectrometry methods.

As discussed in chapter “Introduction: HIV-1 Proteomics, Why Should One
Care?”, the study of retroviruses has produced an abundant harvest of insights into
cancer, immunology, cell biology, antiviral vaccines, biochemistry, and genetics.
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The mechanistic knowledge gleaned from studying the prototypic avian and murine
retroviruses laid an essential foundation for the rapid progress in characterizing
HIV-1 and AIDS drugs. The early, pre-HIV, study of retroviruses was carried out
with fairly basic techniques, basic chromatography, and enzyme assays. Truly these
early retrovirologists accomplished amazing things, relying on their brains and
careful, well-thought-out experiments more than high-tech techniques. This chapter
provides an introduction and discussion of the more modern “classical” techniques
which complement the newer “proteomic” mass spectrometry approach and are as
essential today as they were decades ago.

Aspects of HIV-1 Particle Biochemistry

Classical biochemistry starts with examining a highly complex mixture of material
usually in the form of a tissue from which cells are isolated and lysed, and the com-
ponents, protein, lipid, or carbohydrate, of interest, are purified and studied. For
proteins, this is typically an involved process to isolate the relatively tiny amounts
of the protein of interest in the vast sea of cellular proteins. Compared to classical
cellular biochemistry, retroviral protein biochemistry is easier since the virus does
most of the purification work by releasing particles into the cell culture medium
leaving the complexity of the cell behind. By doing so, viruses conveniently purify
themselves for the researcher, who can straightforwardly isolate HIV-1 virions
using their biophysical properties, either by their density or their size using density
or sedimentation centrifugation.

Within the last 15 years, there has been a strong interest in the cellular proteins
incorporated into HIV-1 virions [11-13]. Viruses, by definition, require cells to rep-
licate. HIV-1, retroviruses in general, has a relatively small genome when compared
to the large DNA viruses which have extensive genomes that code for many proteins
which provide independent viral replication functions and modulation cell func-
tions for immune escape and manipulation of the cell for the advantage of the virus.
Therefore HIV-1 relies on mostly cellular proteins to replicate. One way to study
this is to examine the host proteins found in virions (see chapter “HIV-1 Biology at
the Protein Level” for an extended discussion). Host proteins can be incorporated
into virions by just being present at the site of HIV-1 budding, being taken up as
bystanders due to their presence in the plasma membrane as the particle buds
through the membrane. These proteins, while not specifically incorporated, still
provide for clues to the site of budding and cell type producing the virus. Proteins
could also be incorporated as partners when they interact with viral proteins as well
as actively assist in assembly and virion production. Also, HIV-1 could incorporate
cellular proteins as captives to assist in post-assembly functions such as immune
evasion and promotion of cellular infection.

Thus, while the study of the cellular proteins in virions is important, the poten-
tial for contamination is a critical concern because while the origin of the HIV-1
proteins in virions is obvious, great care must be carried out to selectively detect
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those cellular proteins both in and on the virion versus those that are present as
contaminants. The essential question is how to show that a protein is on or in the
virion as opposed to being merely being in “purified” virus preparations. For
instance, one classical method for surface proteins is to specifically immunopre-
cipitate the virus and then assay for a viral protein, typically capsid. This is essen-
tially a qualitative method and unable to examine proteins inside the virion. For
quantitative studies, the virions must be purified and the particles examined
directly. While separation of virions from culture media and most proteins released
by cells can be accomplished by using centrifugation, still a significant amount of
cellular proteins co-purify with retroviral virions, being present in vesicles
(microvesicles or exosomes [12, 14]) that have the same size and density as viri-
ons. Thus, studies seeking to identify and characterize cellular proteins in the
HIV-1 particles require high levels of purification with strict controls that demon-
strate that the protein(s) of interest are removed. Two techniques, protease diges-
tion of virions and CD45 immunoaffinity depletion, are discussed in chapter 2:
“HIV-1 Biology at the Protein Level” so they will not be recapitulated here.
Nevertheless, in biochemistry, either classical or high-tech mass spectrometry, the
purity of the sample is critical to draw accurate conclusions from the results.

HIV-1 Proteomics Before There Was Proteomics

Before the current mass spectrometric sequencing capabilities, analysis of viral and
cellular proteins in retroviruses was done with well-developed techniques that relied
on classical biochemistry which lack the throughput of proteomics but still identi-
fied and characterized the HIV-1 viral proteins and their modifications as wells as
many cellular proteins present both in and on HIV-1 particles. In the days before
proteomics, analysis of proteins in the virion took a brute-force approach (tech-
niques are discussed below): isolate the various proteins in the virion by chromatog-
raphy, run the fractions on a protein gel, blot the proteins on a gel, and cut out bands
for automated microsequencing. This approach was labor intensive and took
months/years to complete. In contrast, this can be done in a couple of days with
much higher sensitivity with current MS/MS spectrometry. Yet the classical
approach and its associated techniques still have some advantages. The following is
areview of these classical biochemistry techniques, their strengths and limitations.

Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis

An essential advance in biochemistry arrived with the advent of sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE), a critical technique that is
widely taken for granted today. Before SDS-PAGE proteins were electrophoresed on
a variety of gel substrates and buffer systems. Because proteins can have neutral,
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positive, or negative charges, the samples were loaded in the center of the gel and
electrophoresed with proteins migrating according to their charge, positive to the
cathode side and negative to the anode. Thus, while proteins could be separated
using this system, relative size was not determined. Note that this was not isoelectric
focusing which yields the protein’s isoelectric point, a measure of the protein’s pH
properties [15]. This changed in 1966 with the first use of the negatively charged
detergent sodium dodecyl sulfate (SDS) in the sample which was electrophoresed in
thin polyacrylamide tube gels (see references in [16]). Since the SDS not only solu-
bilizes most proteins, but imparts a net negative charge to the protein, the proteins
migrate in only one direction, toward the anode. Thus, proteins could be loaded on
the top of the gel and unidirectionally electrophoresed down the gel. It was soon after
the introduction of SDS-PAGE (1967) that it was recognized that the SDS bound
most proteins according to their mass. Thus, amount of negative charge imparted to
the proteins by SDS is, for the most part, proportional to the molecular mass of the
protein [16], a major breakthrough. However, at the time, polyacrylamide was cast in
tube gels which meant every sample had to be run in an independent tube, making
comparison of samples difficult. Now samples with different proteins could be mean-
ingfully compared based on a consistent measurable property, their mass. The final
major step was the development of the slab-gel SDS-PAGE system by Laemmli in
1970 [17] which involved casting a polyacrylamide gel as a rectangular slab using a
Trizma HCI (Tris)-glycine-SDS buffer system and a discontinuous gel system that
used a small “stacking” gel on top the analytical gel to focus the protein sample
before it entered the main gel. This system now allowed a wide variety of protein
samples to be resolved side by side with a molecular mass marker for accurate com-
parison and determination of their apparent molecular weight. While later innova-
tions such as gels with increasing gel concentrations, gradient gels, and alternative
buffer systems have appeared, the Laemmli system remains the basis for analyzing
proteins, and the Laemmli paper is one of the most cited in biological research [17].

Immunoblotting/Western Blotting

The discovery of the DNA code opened a host of new ways to analyze DNA, a mol-
ecule once thought of as a gooey, stringy nuisance contaminant by protein biochem-
ists. One of these was the Southern blot, eponymously named for its inventor
presented in another seminal paper [18, 19]. For this technique, DNA was separated
on an agarose gel, blotted onto a sheet on nitrocellulose, and then hybridized with
specific radiolabeled DNA probes to reveal the presence of the specific DNA in the
mixture. This watershed advance in nucleic acid research was soon followed by
applying this technique to the analysis of RNA (Northern) and protein (Western blot
or immunoblot). For the Western blot, SDS-PAGE gels are electroblotted onto poly-
vinylidene fluoride (PVDF) membranes and reacted with serum or antibodies spe-
cific for a protein or proteins. The bound antibodies are visualized by various means,
having been labeled directly with a fluorophore, enzyme, or radioisotope before the
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analysis or detected secondarily using a labeled anti-immunoglobulin antibody
which binds to the primary antibody. This technique brought even more analytical
power to SDS-PAGE techniques by being able to identify specific proteins as immu-
noreactive bands in the sample lane, no matter how complex the mixture.

Western blots are an essential tool for the analysis of proteins and are widely used
by HIV researchers. There are primarily two types of immune reagents used to visual-
ize proteins of interest, antiserum or monoclonal antibody. The key to the success of
this technique is the strength and specificity of these reagents, each of which has its
distinct advantages. Antiserum (polyclonal sera) made to the whole or just a portion of
the protein of interest commonly recognizes more than one epitope and thus can detect
more than one portion of the protein. Also, these immune reagents can be stronger due
to dominant epitope specificities in serum. For instance, we have some antisera that
readily detect viral proteins at a 1:500,000 dilution for analysis compared to a typical
dilution of 1:4000 for antisera and 1:1000 for monoclonal antibodies. However, this is
not always the case as there are plenty of weak antisera and strong monoclonal anti-
body titers. Additionally, because there can be an array of antigen-specific antibodies
present, antisera can recognize several epitopes within a protein; Western blots using
antisera are much more plastic in detecting proteins. Therefore, variant proteins such as
mutants, isotypes, splice variants, related proteins, and multiple fragments of proteo-
Iytically processed proteins may be detected. Antiserum made to short defined peptides
do not have these advantages since they typically elicit only one epitope specificity. A
disadvantage to antisera is that it contains not only the desired antibodies, but the other
antibodies in present in the serum, so it is possible that these reagents could produce
higher background noise and nonspecific bands. For instance, many antisera are pro-
duced by linking a peptide to bovine serum albumin which is also a component of cell
culture media and commonly used in molecular mass standards. Thus, these types of
peptide antisera can lead to strong unwanted bands in blots that can overwhelm and
obscure bands from the desired proteins. Finally, the supply of any given antiserum is
finite and cannot be precisely reproduced.

Monoclonal antibodies recognize only one epitope, thus only one part of the
protein. Because the epitope is usually defined, being made to a peptide, the inter-
pretation of the results is more straightforward. This can be useful for mapping
proteolytic fragments or splice variants with two or more antibodies. Also, a mono-
clonal antibody can have less background, having only one antibody present instead
of the many specific and much more nonspecific antibodies present in the serum.
Despite having only one specificity, there are many monoclonal antibodies that
detect one or more irrelevant bands, due to the antibody cross-reacting with similar
epitope on another protein. Finally, monoclonal antibodies are produced from
hybridoma cell lines either in vitro or in vivo, so a good antibody can be reproduced.
Also, due to their purity, monoclonal antibodies are commonly directly labeled for
detection of proteins and as secondary detection reagents in Western blots.

Despite the analytical power and sensitivity of current mass spectrometry for ana-
lyzing HIV-1, both SDS-PAGE and its logical extension, the Western blot, still com-
plement modern “proteomic” techniques. First, they are rapid and easily interpretable,
with some procedures giving results within a couple of hours with low cost. The
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instrumentation is comparatively simple so each laboratory member can have their
own equipment and carry out analyses independently. Most importantly, these tech-
niques examine the whole protein, not just the sequence of peptide fragments by MS/
MS spectrometry in complex mixtures of proteins which leads to ambiguity: was this
sequence from a pro-form of a protein, a processed active form, or a variant, or, in the
case of the Gag polyprotein, is the peptide from Gag or just one of its mature proteins?
Thus, many researchers confirm proteomic protein identifications with a Western blot.
Alternatively, the complexity of a mass spectrometry sequencing sample can be
reduced by fractionating by size. The sample can be separated on an SDS-PAGE gel
which is the cut into size fractions and the proteins in each slice digested and analyzed
to provide the sequences present in a specific molecular mass range. An Achilles heel
of mass spectrometry is the bioinformatics side where the peptide sequences are
matched to proteins. Because peptide sequences are compared to expected values in
databases, genetic polymorphisms, unexpected protein modifications, and other fac-
tors can cause vital peptide to be missed obscuring the identification of proteins.
Finally, these classic biochemistry and proteomic techniques have opposing, thus
complementary natures. Western blots look inward: one needs to decide what protein
to interrogate the blot for a principally yes or no answer. Since these antibodies need
to be chosen, one needs to test from a hypothesis of what protein is of interest as it is
obviously not profitable to guess with tens of thousands of proteins in a cell. In con-
trast, MS/MS spectrometry sequencing is outward looking, one harvests information
on nearly all of the proteins in a complex mixture simultaneously, yet one does not
study the intact protein. Mass spectrometry and Western blots work hand in hand,
proteomics indentifying candidates and blots providing valuable information about
the form of the protein and its posttranslational modifications.

Reversed-Phase High-Pressure Chromatography

Chromatography in many different forms has been used for over a century to separate
materials. Biochemically, paper, silica plates, and columns (mostly liquid in biology)
with various packing materials have been used for years to separate tissue and cell
extracts into pure proteins. Four principle types of liquid chromatography column are
molecular sieve/gel exclusion which separates on the basis of size; ion exchange which
exploits differences in charge at a pH, i.e., their isoelectric point (pl); affinity which
relies on binding of a protein to a material, DNA, cofactor, protein, or specific anti-
body; and reversed phase which separates proteins based on the hydrophobic character.
This last method employs a hydrophobic column material through which sample in a
hydrophilic solvent is pumped. Since all proteins have some hydrophobic character,
most bind to the column packing matrix. The proteins are then separated by increasing
the hydrophobicity of the solvent flowing over the column in a gradient. Proteins are
eluted from the nonpolar matrix when they partition into the solvent according to their
hydrophobicity, i.e., they are more soluble in the solvent than on the matrix. This pro-
cess is carried out at high pressure to produce a rapid flow rate that is precisely
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controlled so that the proteins eluted off the column are resolved in narrow peaks at
distinct and reproducible times. The primary benefits of reversed-phase high-pressure
liquid chromatography (r-pHPLC) are high resolution, speed, and reproducibility;
many virion proteins can be purified in one column run. The r-pHPLC technique is
better than ionic exchange because the hydrophobic nature of a protein is typically little
changed, whereas a protein charge can vary widely based on oxidation, reduction, and
differential posttranslational modification of the proteins. Molecular exclusion col-
umns have relatively low-resolution power compared to r-HPLC so they can rarely
resolve proteins out of complex mixtures. One of the early downsides to using r-HPLC
is that the column sizes were relatively large, therefore requiring large amounts of
sample. This is good for preparative work, for separating proteins from milligrams of
purified virus, concentrated from liters of virus production, but not for the analytical
microgram to tens of nanogram amounts produced from cell transfections or material
isolated directly from primary sources. The advent of microbore HPLC techniques,
using ~2 mm columns with single digit micron-sized column material, now allows for
small amounts of virus (from >1 to 0.1 pg) to be rapidly analyzed [20]. With high preci-
sion pumps and programmable gradient controllers, -HPLC can resolve both the viral
and host proteins in the virion at reproducible times allowing for matching of chro-
matograms by overlaying the profiles to compare several samples. Also, when using a
UV detector in the near UV range (206 nm), where the absorbance of amino acids is
the same, the peak area is directly proportional to mass, allowing for comparative mea-
surements between protein peaks in the chromatograph.

The downsides to r-HPLC are that this technique requires that the proteins be dena-
tured. Thus, the isolation of active enzymes or intact protein complexes such as mul-
tiprotein complexes is not possible, unless they can be refolded/reassociated
post-purification. Another drawback is that -HPLC samples cannot contain detergent,
a common technique for producing cell extracts, as this binds to the column and inter-
feres with the partitioning of the solute proteins between the column and the solvent.
While both of these limit r-HPLC utility for analysis of cells, the goal of analyzing
retrovirus particles is to examine their protein composition rather than enzymology.
Also since the complexity of proteins in virions is relatively simple compared to cells,
they can be lysed directly in the r-HPLC loading buffer without extraction and isola-
tion procedures involving detergent. Despite these limitations, r-pHPLC remains a
powerful technique for the examination of both viral and cellular proteins in HIV-1,
simultaneously analyzing and isolating the components of virions.

Automated N-Terminal (Edman Degradation) Protein
Sequencing

Long before DNA could be sequenced [21], proteins were being routinely sequenced
by using chemicals or enzymes. The original Sanger reagent sequencing, which
chemically labeled the amino-terminal residue from a polypeptide which was then
partially hydrolyzed and the fragments separated and completely hydrolyzed
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(1951), was soon supplanted by the Edman degradation technique which immobi-
lized the carboxy-terminus of the protein and then chemically cleaved the amino-
terminal residue so that each step revealed a successive amino acid [9, 10, 17].
These techniques required large amounts of protein and were carried out painstak-
ingly by hand. Automating this process, the protein sequenator developed by Edman
in 1967 [22] made protein sequencing more rapid but still required large amounts of
protein and the length of sequence that could be read was rather limited. Therefore,
to sequence proteins, one had to break them up into small polypeptides by cleaving
the protein with proteases and then sequencing the peptides. By manually compar-
ing and knitting together the short sequences produced from several protease
digests, a sequence of the whole protein could be obtained. Modern protein sequenc-
ing machines use an approach pioneered by Hunkapiller and Hood, who developed
the protein microsequencer in 1978 [23]. With this new tool, it was possible to
sequence 77 amino acids from using 5 mg of antibody light chain. Much longer
sequence reads from much less material in an automated format revolutionized pro-
tein sequencing, vastly increasing the speed and ease of sequencing.

Today, the chemically based microsequencer is still used. Its disadvantages are
that it requires much more protein than ms/ms spectrometry sequencing. Also, it
works best on a purified protein; the presence of other proteins causes other amino
acids to be present in the reads. While low levels of contaminants can be tolerated,
being less abundant than the proteins of interest, not all amino acids yield the same
signal; thus, it is possible to have a weakly yielding residue in the protein at the
same position as a strong amino acid signal in the contaminant which could lead to
a miscall. Thus, protein sequencers cannot analyze complex mixtures of proteins.
Also, the chemistry of Edman degradation sequencing requires a free amino group
on the end. Therefore, proteins with modified amino-termini, e.g., those with acyl
modifications such as HIV-1 Gag, cannot be directly sequenced [23]. To sequence
the remainder of the protein, this modified amino acid must be removed, typically
by a downstream protease cleavage to produce a “free” amino-terminal end. This is
a real shortcoming as roughly half of the proteins in the cell have blocked amino-
termini. Furthermore, “reading” the sequence output requires some skill that must
be learned from experience: how to adjust the results for differing amino acid yields
and looking for potentially modified amino acids, e.g., ubiquitinated proteins or
cyclic proteins, which make interpretation difficult. On the positive side in compari-
son to MS/MS spectrometry sequencing, the length of the sequencing reads is much
longer and is direct. The sequence is obtained without any bioinformatical statistical
fitting to a protein sequence database that could miss proteins due to allelic poly-
morphism, mutations, or posttranslational modifications not noted in the database.
Also, some proteins are cleaved into too small a polypeptide to be statistically sig-
nificant enough to be reported. This is especially true with basic proteins and trypsin
digestion, a commonly used protease for fragmentation. Finally, the coverage of an
MS/MS spectrometry sequence is only as good as its database and its digestion
procedure. Despite its low throughput and other shortcomings, the protein microse-
quencer still remains an important protein analysis tool.
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Amino Acid Analysis

Amino acid analysis analyzes the amino acids present in a protein by first acid
hydrolyzing the protein and then separating and detecting the individual amino
acids. This technique, once done manually with thin layer chromatography, is now
carried out in an automated format which greatly increases speed and accuracy. This
method provides the most precise way to analyze the amino acid makeup of a pro-
tein. Amino acid analysis also is the most accurate method to measure the absolute
amount of protein in a sample. However, a downside to this technique is that it
requires relative larger amounts of proteins than some other methods and samples
that are very pure. In HIV-1 biochemistry, this was used to identify the amino acid
composition of the HIV virion proteins before sequencing. With the roster of amino
acids found in a protein, the sequencing is more easy to read and assemble since one
only needs to arrange the amino acids like a puzzle rather than discover and then
order them. Sequence ambiguities such as missing amino acids and miscalls are
more easily resolved. Also, once the sequence is known, then modified residues can
be identified by their differing elution profile on the HPLC separation. This tech-
nique is also useful for quality control of recombinant and purified proteins.

These classical techniques have served us well over the last few decades and are
still very relevant to the study of proteins in HIV-1 particles. Looking to the future,
there will be a long partnership between the old-school “proteomics before there
was proteomics” and proteomics.
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