
of glucose on insulin responsiveness in mus-
cle and on insulin secretion from pancreas are
well established, the study by Dentin et al. is
one of the few to examine hyperglycemic
effects in liver. Nonetheless, the existence of
glucose toxicity raises the intriguing question
of whether the cellular signaling pathways
responsible for the adverse effects of glucose
are the same as those involved in normal glu-
cose signaling.

As extracellular glucose concentration
varies, intracellular signaling pathways adjust
accordingly. The glucose signaling pathway
studied by Dentin et al. was originally
described as the hexosamine biosynthetic
pathway in the liver. This pathway generates
uridine diphosphate (UDP)–N-acetylglu-
cosamine, a crucial intermediate in the syn-
thesis of the carbohydrate moiety of complex
glycoproteins (4). In 1991, Marshall and col-
leagues proposed that this same pathway
might respond to persistently elevated extra-
cellular glucose concentration by causing
insulin resistance in fat cells, though at that
time the mechanism was unknown (5). This
“hexosamine hypothesis” for the generation
of insulin resistance has since been applied
to other organs as well as to dysfunctional
insulin secretion, and the current favored
mechanism is that UDP–N-acetylgluco-
samine drives the enzymatic, O-linked (modi-
fication of a hydroxyl group) glycosylation of
serine and threonine residues in intracellular
proteins (4, 5). This posttranslational modifi-
cation is widely distributed in normal cells,
particularly in proteins of the nuclear pore and
those associated with chromatin. Dentin et al.
add to the list of such modified proteins
the transcriptional regulatory protein called
transducer of regulated cAMP response ele-
ment–binding protein 2 (TORC2, also known
as CRTC2). O-linked glycosylation of
CRTC2 activates glucose production in the
liver and is an example of how this modifica-
tion of proteins serves a clear signaling func-
tion in controlling metabolism in the liver 

In the nucleus, CRTC2 associates with
CREB (cyclic AMP response element–bind-
ing protein), a transcription factor that acti-
vates the expression of genes that control
glycolysis and gluconeogenesis (6). CRTC2
enhances the transcription of genes encoding
proteins critical to gluconeogenesis, in par-
ticular the enzyme glucose-6-phosphatase.
This enzyme catalyzes the terminal step in
glucose production by the liver and is nor-
mally negatively regulated by insulin—when
insulin concentration is high, total phos-
phatase concentration is low (7). The cellular
energy sensor adenosine 5´-monophosphate
(AMP)–activated protein kinase also reduces

the concentration of glucose-6-phosphatase,
but it phosphorylates CRTC2 on serine 171,
inducing its translocation to the cytoplasm
where it can no longer affect transcription
(8). Because N-acetylglucosamine attaches
itself to the same serine that is phosphory-
lated, glycosylation serves as a switch to pre-
vent the inhibition of CRTC2. The ultimate
result is that abnormally high blood sugar
concentration activates enzymes designed to
release more glucose (7) (see the figure). 

So, is regulation of CRTC2 by O-linked
glycosylation a normal process that be-
comes maladaptive during states of nutri-
tional excess, or is it wholly pathological,
where pure coincidence allows the hex-
osamine pathway to block phosphorylation?
Both alternatives seem unlikely. It is diffi-
cult to see why glucose would induce its own
synthesis, and it seems improbable that such
an elegant control mechanism would evolve
by chance without some selective pressure.
Perhaps the answer lies in the complexities
of liver metabolism, in which viewing glu-
cose consumption and production as two
opposing, linear pathways is too simplistic.
For example, glucose-6-phosphatase not
only serves in the net production of glucose,

but also catalyzes the cycle that converts
glucose back to glucose-6-phosphate (and
back again). Indeed, under at least some
conditions, increases in extracellular glu-
cose concentration have been associated
with an increase in this cycling rather than a
change in net glucose-6-phosphatase flux
(9). Thus, even important new insights such
as those provided by Dentin et al. will require
more study before we can understand how
they integrate into the complex metabolism
of an intact organism under normal and
pathological conditions.
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PERSPECTIVES

T
he growth of the World Wide Web and
the spread of cell phones and WiFi
continues to reorder whole disciplines

and industries. Entrepreneurs, policy-makers,
and researchers have recognized that in-
creased collaboration through these socio-
technical systems offers compelling opportu-
nities for business, education, national secu-
rity, and beyond (1). It is time for researchers
in science to take network collaboration to the
next phase and reap the potential intellectual
and societal payoffs (2–4).

Successful scientific collaboratories among
genomic researchers, engineering innova-
tions through open-source software, and
community-based participation in cultural
heritage projects are all early indicators of the
transformative nature of collaboration (5).

eBay, Amazon, and Netflix have already
reshaped consumer markets, while political
participation and citizen journalism are
beginning to change civil society. Patient-
centered medical information and secure
electronic health records are improving
health care while creating opportunities for
clinical research. MySpace and Facebook
encourage casual social networks, but they
may soon play more serious roles in facilitat-
ing emergency/disaster response (6). Social
media platforms such as Wikipedia, flickr,
and YouTube are also stunning success stories
of Web-based contributions. 

Understanding these collaboration-cen-
tered socio-technical systems could acceler-
ate their adoption and raise their benefits.
However, researchers will need to develop
new ways of studying these complex interac-
tions. Science 1.0 will continue to be impor-
tant, but new kinds of science, which I call

Traditional scientific methods need to be expanded to deal with complex issues that arise as social

systems meet technological innovation.
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PERSPECTIVES

Science 2.0, are needed to study

the integrated interdisciplinary

problems at the heart of socio-

technical systems. Science 2.0

will be especially important to

meet the design challenges in

secure voting, global environmen-

tal protection, energy sustainabil-

ity, and international development

among many others.

The guiding strategies of Science

1.0 are still needed for Science

2.0: hypothesis testing, predictive

models, and the need for validity,

replicability, and generalizability.

However, the Science 2.0 chal-

lenges cannot be studied ade-

quately in laboratory conditions

because controlled experiments

do not capture the rich context of

Web 2.0 collaboration, where the interaction

among variables undermines the validity

of reductionist methods (7). Moreover, in

Science 2.0 the mix of people and technology

means that data must be collected in real

settings (see the figure). Amazon and Netflix

became commercial successes in part because

of their frequent evaluations of incremental

changes to their Web site design as they mon-

itored user activity and purchases.

Researchers who wish to foster online

health care information groups or citizen jour-

nalism, for example, need fresh research meth-

ods and theories (8, 9). Individual outcomes

are difficult enough to study, but understand-

ing why the Google, YouTube, or Facebook

communities succeeded in the face of lively

competition is still more challenging. These

socio-technical systems are best studied at

scale, in the real world, by rigorous observa-

tions (studying successes and failures), care-

fully chosen interventions (changing inter-

faces or privacy rules), and ambitious data col-

lection (analyzing all public user activity).

When adequately replicated, these quantitative

and qualitative empirical studies can lead to

predictive models and effective simulations

that guide future designers and researchers.

Science 1.0 heroes such as Galileo,

Newton, and Einstein produced key equations

that describe the relationships among gravity,

electricity, magnetism, and light. By contrast,

Science 2.0 leaders are studying trust, empa-

thy, responsibility, and privacy. The great

adventure for the next 400 years will be to

define, measure, and predict the interaction

among these variables so as to accelerate sci-

entific discovery, engineering innovation, e-

commerce, and education (10). The fivefold

growth of research on privacy and trust is

apparent in the past 5 years, whereas empathy

and responsibility are just beginning to cap-

ture attention (11).

Science 2.0 researchers are adopting

observational and case study methods as they

collect quantitative and qualitative data to gain

support for their hypotheses about whether

trust increases empathy and whether privacy

promotes responsibility (12, 13). Their work

methods are in harmony with research initia-

tives on Web science (14), creativity support

tools, online education (15), and socially net-

worked communities, among others.

Advancing Science 2.0 will require a shift

in priorities to promote integrative thinking

that combines computer science know-how

with social science sensitivity. Science 2.0

researchers who develop innovative theories,

hypothesis testing based on case study

research methods, and new predictive models

are likely to lead the way. The quest for empir-

ical validity will drive research beyond what

laboratory-based controlled studies can pro-

vide, while replicability and generalizability

will be achieved with greater effort through

multiple case studies. Just as technology-

centered researchers measured progress in

petabytes of storage or petaflops of process-

ing power, collaboration-centered researchers

will measure the growth of peta-collabs of

cooperation and peta-contribs of assistance.

Science 1.0 remains vital, but this ambi-

tious vision of Science 2.0 will affect research

funding, educational practices, and evalua-

tion of research outcomes. Science funding

agencies will face resistance as they promote

a transformation that seeks to make a safe

space for Science 2.0. Scientific journal edi-

torial boards and conference program com-

mittees are already shifting their attention to

new topics and opening their doors to new

scientific research methods. Pioneering edu-

cators have begun changing their curricula,

focusing on collaboration strategies and

teaching new research methods. The innova-

tors are courageously taking on new chal-

lenges, but they should be ready for the resist-

ance to novel ideas that has always been part

of science. In that way, Science 2.0 is part of a

great tradition.
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Political networking. Collaboration between pairs of U.S. senators is shown by connecting links. The Democratic senators
(blue) are at the left and Republican senators (red) at the right; Sanders and Lieberman (magenta) are independents.
Brownback and McCain were campaigning for the presidency and did not vote often enough to be linked. Science 2.0 must
develop tools like this to analyze human relationships and collaborations (16).
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