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ABSTRACT: Whole human genome sequencing of individuals is becoming rapid and inexpensive,
enabling new strategies for using personal genome information to help diagnose, treat, and even
prevent human disorders for which genetic variations are causative or are known to be risk factors.
Many of the exploding number of newly discovered genetic variations alter the structure, function,
dynamics, stability, and/or interactions of specific proteins and RNA molecules. Accordingly, there
are a host of opportunities for biochemists and biophysicists to participate in (1) developing tools to
allow accurate and sometimes medically actionable assessment of the potential pathogenicity of
individual variations and (2) establishing the mechanistic linkage between pathogenic variations and
their physiological consequences, providing a rational basis for treatment or preventive care. In this
review, we provide an overview of these opportunities and their associated challenges in light of the
current status of genomic science and personalized medicine, the latter often termed precision
medicine.

More than 80 million validated rare and common single-
nucleotide variations (SNVs) in human genomes have

already been catalogued (Figure 1).1,2 Of these, more than
150000 have been documented to predispose individuals to
“simple” diseases that exhibit Mendelian (monogenic) inher-
itance,3 such as cystic fibrosis and familial early onset
Alzheimer’s disease. Others impact the responsiveness of
patients to certain drug treatments (phamacogenomics).4−6

For example, rare variations in the gene encoding the vitamin K
epoxide reductase complex subunit 1 (VKORC1) influence the
dosing requirements of the commonly used anticoagulant
warfarin, which targets this protein.7 Still other SNVs are risk
factors for complex or sporadic disorders. For example, the ε4
variant (encoding Cys112Arg) of apolipoprotein E, which is
present in roughly 30% of all human genomes, is a risk factor
for the common (sporadic) form of Alzheimer’s disease.8 These
advances in medical genetics and human genomics are having
transformative effects on medicine and biology.
In clinical medicine, genetic testing for selected gene

variations has become the standard of care in many
circumstances, particularly when the information provided is
actionable as the basis for prophylactic treatment or improved
patient care (cf. refs 9 and 10). Recently, a new paradigm of
human genetic analysis involving complete sequencing of whole
exomes or genomes has emerged as being capable of providing
comprehensive lists of rare and common variants present in
patient genomes that may be disease-predisposing and/or have
pharmacogenomic relevance. However, many of these variants
will have uncertain clinical significance.
The ever-increasing speed and decreasing cost of exome and

genome sequencing are already providing information about
patient genetics that was, until very recently, inaccessible to

more traditional medical genetic tools.11 As of early 2015, the
utilization of such information in the practice of medicine is at a
tipping point. A case study documented by Richard Lifton and
colleagues at Yale University12 provides a glimpse of both the
potential and complexities associated with efforts to bring
personal genomic information relating to rare mutations to
clinical medicine.
In 2013, a 1-week-old baby was admitted to the Yale-New

Haven hospital, presenting with fever and diarrhea. Tests for
infections were negative. The child’s condition progressively
worsened, during which time whole exome sequencing of the
patient and his parents was initiated. Because there was no
obvious family history of inherited disease and the parents
seemed to be healthy, it was thought that the child’s disorder
might be caused by a de novo mutation, a noninherited germline
mutation. Unfortunately, 23 days after the onset of symptoms
and 1 day before exome sequencing was completed, the infant
died of alveolar hemorrhage. Additional tests revealed extensive
physiological damage consistent with an aggressively activated
immune system. Comparison of the infant’s exome with those
of the parents revealed no informative de novo mutations.
However, two days after the funeral the father developed a high
fever, respiratory distress syndrome, and other symptoms of a
highly activated immune system, but without an evident
infection. It was only then revealed that the father had suffered
from periodic incidents of high fever throughout his life.
Similarities in the symptoms and test results between father and
son prompted reanalysis of their exomes to search for shared
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genetic variations. Among 34 previously undocumented shared
protein-altering variations was a missense mutation in the
NLRC4 gene encoding a valine to alanine substitution in the
nucleotide binding domain (NBD) of the NLCR4 protein, an
ATPase that promotes inflammasome assembly. On the basis of
the crystal structure of NLCR4,13 it was deemed probable that
the wild-type valine side chain stabilizes the inactive ADP-
bound state of NLCR4, an interaction that is disrupted by
mutation to alanine, promoting ADP-for-ATP exchange and
constitutive activation of inflammasome assembly. NBD
variations that trigger gain of function in a related ATPase,
NLPR3, had previously been documented14 to result in
dysregulated inflammasome assembly and autoinflammatory
syndromes with symptoms similar to those of the father and
son of this case study. Subsequent experiments confirmed the
pro-inflammatory “gain-of-function” nature of the Val341Ala
mutation in transfected macrophages. The condition shared by
the father and son in this case study has been named
“syndrome of enterocolitis and autoinflammation associated
with mutation in NLRC4” (SCAN4). A contemporaneous
published study reported an unrelated NLCR4 mutation that
resulted in a very similar autoinflammatory syndrome.15 Given
that similar syndromes have previously been shown to be
relieved by drugs that target interleukin-1β, SCAN4 is probably
a treatable disorder, although the father in this case declined
this therapy.
One can imagine an imminent future in which the time line

for connecting the dots between genetics and diagnosis will be
accelerated to the point where there will routinely be little lag
time between disease presentation and the availability of
actionable genomic insight, even when very rare variations are
involved. Indeed, case studies akin to that summarized above
but with happier outcomes can already be cited.16,17 The
sequencing of genomes in children and their parents may soon
become routine, and analyses performed in the perinatal period
may allow the compiling of genetic variations in a newborn
along with identities of the variant proteins and their predicted
function. Moreover, the similarity of the rare variations in genes
such as NLRC4 to mutations in homologous proteins

previously demonstrated to be disease-associated could be
flagged by bioinformatic algorithms. Much effort is underway to
develop the infrastructure and tools to address the practical
challenges to effective personal genome-informed medicine,
sometimes termed “personalized medicine” or “precision
medicine”.
In this work, we highlight some of the opportunities and

challenges associated with this burgeoning area of genomic
medicine that invite the participation of biochemists,
biophysicists, and structural biologists. In terms of scope, we
generally focus on mutations that occur in germline DNA
rather than on somatic mutations that may cause cancer18 or
contribute to other disorders.19 However, many of the
principles described here also apply to somatic mutations. We
also focus on proteins but recognize that many disease-
promoting gene variations impact RNA molecules (see Table 1
and ref 20).

■ VARIATION IN PERSONAL GENOMES AND
HUMAN DISEASE

Table 1 provides a compilation of genome statistics based on
2015 estimates. In that table, we focus on the fraction of the ∼4
million variations in a typical human genome that impact the
exome, which encodes the proteome (Table 1). Most exomic
mutations are SNVs, and each individual has 20000−25000
exomic SNVs, approximately half of which are silent at the
protein level. Although most silent variants are probably not
disease-linked, some are. This seems to be due either to
aberrant RNA splicing21 or to alteration of the identity of the
codon translated during protein synthesis. The latter can induce
protein misfolding stemming from an aberrant change in the
translation rate and kinetically linked cotranslational folding
due to the switch from a common codon to a synonymous rare
codon (or vice versa).22−24

The most common disease-promoting mutations are found
among the 10000−13000 nonsynonymous SNVs (nsSNVs)
that encode an amino acid change or, more rarely, introduce an
aberrant stop codon.25 Of these, it is estimated that for each
individual, 100−500 nsSNVs will cause loss of protein function

Figure 1. (A) Growth with time in the total number of identified human mutations that result in inherited (Mendelian) monogenic disorders. Data
from the Human Gene Mutation Database.3 (B) Growth with time in the total number of discovered human genome variations (SNVs and other
small scale variations) as logged in the dbSNP Database.2 The small decreases in the number of variations seen in this plot for some time points
reflect the consequences of changes in the reference genome and its annotation with time.

Biochemistry Current Topic

DOI: 10.1021/acs.biochem.5b00189
Biochemistry 2015, 54, 2551−2559

2552

http://dx.doi.org/10.1021/acs.biochem.5b00189


(∼15% involving premature stop codons, and the rest single-
amino acid changes), with 20−85 of these nsSNVs being
homozygous.26−28 A great many disease-promoting nsSNVs
have already been documented for Mendelian disorders3,29 and
as risk factors for complex disorders.30 However, for any
personal genome, there will be numerous nsSNVs that must
initially be classified as “variants of unknown significance”
(VUS) because of uncertainty regarding how the variant will
impact protein function and whether there will be physiological
or pharmacogenomic consequences for the patient. Some VUS
will encode previously undocumented mutations in proteins
that are known to be subject to disease-associated mutations,
making these VUS prime suspects as disease-promoting
variations. Of course, numerous VUSeven those in known
disease-linked geneswill be harmless neutral variations.
One can imagine the numerous dilemmas in clinical

medicine that will arise from the discovery of VUS in patients.
Consider the case in which a child is found to have a newly
discovered missense mutation in the gene that encodes
KCNQ1, a voltage-gated potassium channel that is an essential
component of the cardiac action potential. Many of the several
hundred known genetic variants that alter the amino acid

sequence of KCNQ1 predispose individuals to an arrhythmia
known as long-QT syndrome.31 Arrhythmic episodes may go
undetected for years but may result in sudden death, often
triggered by swimming or exercise.32 Should the child in our
imaginary case study be pre-emptively treated with antiar-
rhythmic drugs33 or a medical device [e.g., internal cardioverter
defibrillator (ICD)], which have their own risks? Should the
child be permitted to swim? Dilemmas such as these may
become commonplace in the very near future. There is clearly
an imperative for the continued development of methods that
can rapidly determine or predict whether new VUS are
harmless or predispose a patient to disease and, if so, how.

■ DEFECTIVE PROTEINS AND DISEASE
When considering how protein-altering nsSNVs result in
disease, it should be kept in mind from gene knockout studies
of model organisms that only 10−20% of all proteins appear to
be essential for birth and survival.34−36 Also, recall that humans
are diploid organisms such that there are normally two copies
(alleles) of each gene, with the exception of genes on the X and
Y chromosomes. Homozygous mutations impact both alleles,
whereas heterozygous variations impact only one allele.
Many disease-linked nsSNVs resulting in protein LOF are

homozygous, such that loss of that protein’s function is
complete. The classic example is provided by inherited
mutations in the gene encoding the cystic fibrosis trans-
membrane regulator (CFTR), a chloride ion channel.37 In
contrast, individuals heterozygous for CF mutations do not
suffer from the disease because the amount of functional
protein originating from the wild-type allele is sufficient to fulfill
an essential physiological function of this protein in maintaining
proper salt balance in lung alveoli. However, for some proteins,
even heterozygous mutations can result in LOF-based disease
because of the reduced total functional output of that protein in
critical tissues (cf., ref 38) or because the mutant protein can
form oligomers with the wild-type protein, rendering it inactive.
This latter possibility applies, for example, to heterozygous
mutations in peripheral myelin protein 22 (PMP22) that result
in the inherited peripheral neuropathy, Charcot-Marie-Tooth
disease. Mutant forms of PMP22 misfold and are targeted for
degradation. Because they can form oligomers with the wild-
type gene product, some of the wild-type protein is targeted
along with the misfolded mutant protein for degradation.39

LOF due to nsSNVs can result from perturbations of global
protein structure, active site structure, posttranslational
modifications, trafficking, dynamics, and/or protein−protein
or protein−ligand interactions.40 However, there is consid-
erable evidence that the most common cause of protein LOF is
reduced thermodynamic stability, leading to protein for which
the folding equilibrium is shifted toward the nonfunctional
unfolded state, possibly coupled to irreversible aggregation
(thermal instability) and/or degradation by cellular quality
control.41−44

Less common than disease-linked LOF variants are nsSNVs
that result in protein that still functions, but in a dysregulated
manner, so-called gain-of-function (GOF) mutants. These
include the variation in the NLCR4 ATPase described above in
the Yale case study and oncogenic mutations in proteins such as
the Ras GTPase and the epidermal growth factor receptor
family of tyrosine kinases, which often drive cancer tumor cell
development and proliferation.45,46 Other examples include a
number of G protein-coupled receptors that are subject to
disease-causing mutations that induce constitutive activation,

Table 1. Variations in an Individual Human Genome
(estimates as of 2015; per person unless otherwise noted)a

no. of nucleotide base pairs 3.2 × 109

no. of protein coding genes ∼23500
no. of probable essential proteins 2500−5000
no. of exons 180000
size of exome (bp) 30000000
no. of DNA sequence variant (DSVs) 4000000
no. of de novo variants (noninherited germline) 30−100
no. of single-nucleotide variants (SNVs) 3500000
no. of copy number variants (CNVs) and other genome
structural variants

104−105

no. of nonsynonymous SNPs (nsSNVs, encode changes in
amino acid)

10000−13000

no. of synonymous SNPs (sSNVs, alter codon, but not
amino acid)

10000−12000

no. of in-frame insertions/deletions (indels) in exons 190−210
no. of aberrant stop codons in exons 25−100
no. of frameshifts in exons 220−250
no. of splice disruption variants 40−50
no. of probable protein loss-of-function (LOF)-inducing
nsSNVs

250−500

no. of heritable protein LOF-inducing nsSNVs already
logged in the human gene mutation database (HGMD)

40−100

no. of homozygous LOF-inducing nsSNVs 40−85
no. of homozygous LOF-inducing nsSNVs already in the
HGMD

3−24

no. of probable disease-causing homozygous LOF-
inducing nsSNVs

1−5

percent of healthy individuals carrying a medically
actionable homozygous disease mutation

1−4

no. of genetic variations logged as being linked to a
Mendelian (monogenic) disorder in the HGMD (total
to date)

163000

no. of missense/nonsense variations in HGMD linked to
Mendelian disorders (total to date)

91000

no. of RNA splicing−impacting variations in HGMD
linked to Mendelian disorders (total to date)

15000

no. of small insertions and deletions recorded in HGMD
linked to Mendelian disorders (total to date)

38000

aParts of this table were adapted from Table 1 of ref 25. Most other
estimates were gleaned from refs 26−28 and 123 or http://www.
hgmd.cf.ac.uk/ac/index.php.
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resulting in unregulated signaling of normally hormone-
regulated pathways.47 These mutations are often heterozygous,
reflecting the fact that unregulated protein function triggered by
a GOF mutation in a single allele is sometimes sufficient to
trigger pathophysiology. Consider the vasopressin V2 receptor
(V2R) located in kidney collecting duct epithelia, which
controls uptake of water into the bloodstream and formation
of urine. GOF mutations in V2R result in constitutive signaling
that causes too much water to be absorbed into the blood from
the kidney, resulting in a rare disorder characterized by dilute
blood and concentrated urine.48 The opposite disorder
(diabetes insipidus, which causes hyperosmolar blood and
dilute urine) is caused by much more common LOF mutations
in V2R that result in misfolding.49

A third general mechanism by which nsSNVs promote
disease is promotion of toxic protein aggregation.50−52 The
“toxic gain of function” associated with these aggregates is
typically unrelated to the native function of the affected protein.
This seems to be the case for the amyloid-β polypeptides of
Alzheimer’s disease, which form both soluble oligomers that are
toxic to neurons and insoluble amyloid aggregates that induce
chronic inflammation53,54 in brain tissue. The immediate
precursor of the amyloid-β polypeptides is C99, the 99-residue
C-terminal domain of the amyloid precursor protein. Some
familial Alzheimer’s disease mutations in C99 alter its site
specificity for cleavage by γ-secretase, increasing the production
ratio between the longer and more toxic forms of the amyloid-β
polypeptide relative to shorter and less toxic forms.55 Other
inherited mutations in C99, located in its amyloid-β domain,
make the released amyloid-β more prone to aggregate.55

Mutations can also promote toxic misfolding through indirect
mechanisms. For example, it is generally thought that familial
AD mutations in γ-secretase alter its scissile site specificity in
C99 so that the production ratio of long to short forms of
amyloid-β is increased.56

Finally, it should not be overlooked that other genetic
variations besides nsSNVs can result in protein LOF, GOF, or
toxic aggregates. Some genes may be completely deleted or
inactivated by variations that alter their transcription, while for
other genes, protein overdosage may occur when there are
more than the usual two copies of the gene or when the gene is
subject to aberrantly upregulated transcription.57 While single-
site mutations in PMP22 are one cause of Charcot-Marie-
Tooth disease, this disorder more commonly results from
trisomy (a third copy) of the wild-type gene, resulting in
overexpression of wild-type PMP22.58

Mutations that alter either the chaperone or degradative
components of cellular protein folding quality control systems
can have adverse impacts on the folding of specific client
proteins or, more generally, on cellular proteostasis.59,60 The
introduction of stop codons into protein open reading frames
leads to the production of truncated proteins that may fail to
function and possibly misfold, but alternatively may be
functional but dysregulated (GOF).61,62 Frameshift mutations
lead to proteins with partial wild-type sequence, followed by
incorrect amino acids. Chromosomal translocation can lead to
the generation of fusion proteins composed of two normally
independent proteins (or fragments thereof), sometimes having
a highly toxic or aberrantly proliferative function.63

■ DETERMINING OR PREDICTING THE IMPACT OF
GENETIC VARIATIONS ON PROTEINS

Much effort is already being dedicated to developing the
infrastructure of databases, methods, protocols, training,
counseling approaches, actuarial resources, bioethics, and laws
that are needed for personalized genomic information to be
widely employed in patient treatment (cf. refs 64−66).
Molecular bioscientists such as biochemists, biophysicists, and
structural biologists are already making important contributions
to this process67 (e.g., see lists of already available online
resources in refs 43 and 68−70), which may well span decades.
It is to be hoped that such investigators will make major
contributions to the very important task of assessing exactly how
genetic variations impact biomolecular folding, structure,
function, and interactions. This information will often be
essential to the practice of personalized medicine. For example,
there is compelling need to distinguish between true disease-
promoting genetic variations and neutral variations to avoid
treatment of healthy patients who should therefore not be
subjected to expensive, unhelpful, and potentially harmful and
expensive pre-emptive treatment. Consider also a disease such
as cystic fibrosis for which there are more than 1000 different
gene variations known to result in LOF of the CFTR protein.71

It is clear that different mutations can induce LOF through
different mechanisms, some (such as the common ΔF508
mutant) by inducing misfolding and others by altering channel
properties within correctly folded protein. Given that CF
therapeutic drugs are in various states of development that
address different classes of potential defects in the CFTR
protein,72,73 it may eventually be possible to mechanistically
classify each CFTR disease mutation to ensure correct
therapeutic matching for each specific CFTR mutation. Given
that most drugs have unwanted off-target side effects, there is
an added imperative to avoid treatment of unresponsive
patients.
The ability to predict with great accuracy and mechanistic

detail the possible outcome of nsSNVs in terms of protein
LOF, GOF, altered protein−protein interactions, or toxic
aggregation would be a great resource. Indeed, there are already
numerous algorithms available, often deployed in the form
publicly accessible web servers that make such predic-
tions.69,70,74−83 Given that destabilization of proteins leading
to LOF may be the most common mechanism by which genetic
variations promote disease, it is not surprising that a number of
these algorithms are devoted to prediction of mutation-induced
protein stability changes. As of late 2014, the authors easily
identified several dozen online programs/servers that predict
protein stability either as a primary function or as a trait that is
factored into overall predictions of whether a particular genetic
variation is pathogenic. The very best of the stability predictive
algorithms, which can be of formidable sophistication, are able
to correctly and quantitatively predict mutation-induced
changes in protein stability roughly 85% of the time for
relatively small proteins of known three-dimensional struc-
ture.74,84−89 However, this success rate drops by ∼15% when
the protein’s three-dimensional structure is not known. In this
case, algorithms must rely instead on homology models,
sequence conservation patterns, and/or other variables.78

Moreover, the benchmarking used to evaluate the success of
these predictions usually lacks data for multidomain proteins,
which are especially common in higher organisms. The same
deficit holds for membrane proteins, which comprise roughly
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20% of all proteins and upward of 50% of the targets of
currently used drugs. This problem is fundamental as the rules
that govern protein stability may well be altered for interfacial
residues in multidomain proteins90−92 and transmembrane
segments in membrane proteins.93−96 Therefore, aforemen-
tioned methods that are optimized for small soluble proteins
would be expected to display decreased accuracy. There
remains a compelling need for additional experimental studies
of protein stability, especially for membrane proteins and
multidomain proteins, for which there may not currently be
sufficient data available even to validate and benchmark stability
prediction methods.
While most previous effort has been dedicated to targeted

studies of particularly common or representative disease
variants of a given protein (such as the ΔF508 form of
CFTR), experimental studies of modest panels of disease
mutant forms of a given protein have been described (cf. refs
97−104). One might flinch at the thought of conducting
experimental studies on hundreds of mutant forms a single
protein, such as the more than 500 known retinitis pigmentosa-
linked mutant forms of the ABCA4 flippase105 or the more than
15000 cancer-related variants of the p53 tumor suppressor.106

However, the potential power and efficiency of high-throughput
experimental methods should not be overlooked when
considering how best to test the impact of potential disease-
linked sequence variations on protein function, structure,
stability, intermolecular interactions, and tendency to aggregate.
The high value attached to the availability of a high-quality
experimental structure for the protein of interest or a close
homologue should also be emphasized, given that our ability to
predict mutation-induced perturbations of normal protein traits
is often dramatically enhanced by the availability of such a
structure.68,107

It has recently been estimated that 35% of all residues in the
human proteome have been structurally characterized, through
experimental structural determination or being inferred from
modeling to homologous protein templates of known
experimental structure.108,109 This highlights the tremendous
frontier of structural space in the human proteome that remains
to be characterized. At the same time, the numerous available
experimental structures and homology models for human
proteins represent an immediate resource for use in assessing
VUS.
As of mid-2015, there are still numerous human proteins for

which biochemical and biological function and regulation
remain poorly understood, a fact that will confound the degree
to which genome variations affecting these proteins can be
analyzed for personal medical purposes. The continued need
for basic science studies of such proteins reflects the
unwavering importance of basic biological research in providing
the foundations of molecular medicine.
An additional category of insight needed for personalized

medicine to which biochemists and biophysicists can contribute
is in assessing how partial or complete GOF or LOF for a
variant protein alters the biochemical, cellular, and physiological
pathways associated with that protein and how the dysfunction
or dysregulation of those pathways impacts cellular and,
ultimately, organismal fitness.110,111 Because a great many of
these pathways are not isolated but are integrated within
complex webs, this realm of analysis will overlap with that of
systems biology.

■ CONFOUNDING FACTORS IN TRANSLATING
RESULTS OF PROTEIN STUDIES INTO
PERSONALIZED MEDICAL DECISION MAKING

When considering results for variant proteins, it can be very
difficult to predict whether correct assessment of protein
function informs on whether a variation actually predisposes
the human subject to a related disease.112,113 Indeed, it is now
appreciated that many “disease mutations” compiled in
databases such as HGMD are probably neutral variations or
of low penetrance, meaning they result in disease in only a
fraction of the mutation carriers.114 There are a variety of
confounding factors, even for mutations associated with
“simple” monogenic Mendelian diseases. Among these are
data, noted earlier, that show that many proteins seem to be
dispensable, at least under some conditions. It may be that life
has to some degree evolved so as to be robust by generating
molecules with redundant functions and compensatory
mechanisms to avoid placing too much importance on single
gene products.115 Moreover, in any individual, each genetic
variation occurs within the context of the thousands of other
genetic variations, some of which may exert a compensatory
effect that nullifies the possible physiological consequences of
GOF or LOF in another protein. Perhaps this is the case for the
dementia-free centenarian who was recently found to be
homozygous for the Alzheimer’s-promoting apolipoprotein E
ε4 variant.116 The complex genetics of some disorders, where
disease occurs only when multiple disease-predisposing
variations collude, makes such maladies difficult to predict or
mechanistically dissect.117 In complex diseases such as type II
diabetes, environmental factors such as diet, exercise, gender,
smoking, lifetime exposure to toxins or infectious agents, age,
and prior medical history can work, variously, either to
reinforce or to offset disease-promoting genetic factors.118

Epigenetics can also complicate the linkage of genome
variations with personal medical traits.119 Finally, because
protein expression levels can be highly variable from cell to cell,
tissue to tissue, and patient to patient, the actual degree of net
physiological GOF or LOF associated with an otherwise well-
characterized variant protein may be very difficult to predict in
an individual.120

■ THE DEVELOPING INTERFACE AMONG
BIOMOLECULAR SCIENCE, BIOINFORMATICS, AND
PERSONALIZED MEDICINE

In light of the contributions that can be made by biochemists
and biophysicists to the knowledge infrastructure that will
support personalized medicine, we would like to offer a couple
suggestions regarding how this interface can be enhanced.
Excellent communication between bioinformaticists and

biomolecular scientists will increasingly be required. It will be
critical to develop methodologies that combine bioinformatics
capabilities in large scale data analysis, machine learning, and
biostatistics with data gleaned from biochemical and biophysical
experiments and simulations. Bioinformaticists are often well-
equipped for tapping into the databases, theory, and
information provided by the studies of both geneticists and
biomolecular scientists. This is admirably reflected, for example,
by the sophistication of some of the available protein stability
and pathogenicity prediction methods. However, basic
scientists sometimes do not have the required training in
statistics and elementary computer programming needed to
access and fully understand/assess many bioinformatic analyses,
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even when the topic (such as protein stability assessment) is
familiar. This deficit might well be addressed by injection of a
modest dose of formal training in statistics, computer
programming, and bioinformatics into graduate programs in
the basic biological/biomedical sciences. Along these same
lines, a modicum of up-to-date didactic training in the areas of
genetics and genomics should perhaps also be regarded as an
essential curricular objective.
There also is the continued need to expand the interface

between the basic biomedical sciences and the engineering-
tinged discipline of systems biology. This is essential to the
continued development of methods to assess whether and how
a particular variant protein will actually result in disease.
Moreover, systems approaches will be required to determine
the degree to which multiple genetic variations synergistically
promote health problems or alter pharmacogenomic profiles in
ways that cannot be predicted on the basis of summing the
impacts of the same variants in isolation. The relationship
between a single protein and the fitness of the host organism
may sometimes be exceedingly complex. At the same time, all
diseases arise from problems that are, ultimately, molecular in
origin.

■ CONCLUSIONS
Personalized medicine is not a new concept but is being
transformed by the advent of widespread exome/genome
sequencing. Some of the paradigms for how genome
information will be employed are already established, such as
the fact that genetics dictates that the optimal treatment for
some patients is sometimes different than for others. It is also
clear that analysis of genome information will allow rational
preemptive treatment of disease prior to the symptoms.
Genetic information may, in favorable cases, be used to relieve
the anxiety of individuals who fear a particular disorder because
of family history or other factors. An interesting emerging area
of genetic analysis involves the search for genetic factors that
are protective, lowering the risk for various diseases and/or
increasing life expectancy.121

Beyond patient care, information from whole genome
analysis may well come to be routinely factored into important
and highly personal decisions such as those associated with
human reproduction. This highlights currently unresolved
issues such as the question of how much patients should be
told about their genomes and those of family members, who
should have access to personal genomic information, and how
this information can lawfully and ethically be used in decision
making. One wonders whether the impact of the genome on
everyday life is currently where personal computers and the
computer networks were circa 1980. At that time, it was
apparent that the electronic innovations were here to stay, but
few could foresee the extraordinary degree to which
information technology has come to impact society only 35
years later. It seems probable that widespread genome
sequencing will ultimately shape civilization in ways that extend
well beyond what we can foresee. There are and will continue
to be numerous opportunities for biochemists, biophysicists,
structural biologists, and other basic scientists to generate
knowledge and approaches that will be critical to the successful
ongoing deployment of the genomics revolution. In closing, we
suggest that while this revolution will have immediate impact, it
is likely to unfold over decades, maybe even centuries. Societal
expectations in terms of imminent widespread improvements in
healthcare should be tempered. In this regard, it may be helpful

to ponder a 2001 observation by Sir David Weatherall, a
pioneer in classical genetic studies of hemoglobin disorders
such as anemias and thallesemias:122

“The one regret is that the remarkable advances in human
genetics, and in the evolution of molecular medicine in
general...have done little to help patients with these
distressing diseases... The lack of a more definitive approach
to the cure of the haemoglobin disorders, despite so much
knowledge about their molecular pathology, should not
surprise us. The story of the advancement of medical practice
over the last century tells us that there is always a long lag
period before developments in the basic sciences reach the
clinic.”
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