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The Holey Grail of General 

You are given a map of an entertainment 
park.You walk from the lemonade stand to 
the computer games arcade.Your friend 
walks from the shooting gallery to the roller 
coaster. Which of these are you BOTH most 
likely to pass? (a) the merry-go-round, (b) 
the music hall. (c) the pizza stand, or (d) 
the dog show. 

is measured by conventional tests (such as 
those used bv Duncan et al.) that assess ana- 

~echsler,  recognizehe incompleteness of 
Intelligence S U C ~  tests (3). Many investigators of human 

intelligence have been duped by Boring's 
Robert J. Sternberg early operational (and circular) definition 

of intelligence as what IQ tests measure (4). 

S 
ince the time of Plato, we have been this year for the U.S. Presidency. However They have become, to some extent, fixated 
fascinated by the notion of intelli- they achieved their success, it was not on the simplistic notion of general intelli- 
gence and how to measure it. In 1904, through excellence in the kinds of abilities gence. Although IQ tests largely measure g, 

Spearman proposed the existence of a gen- measured by tests of intelligence. On the they include measurement of other, more 
era1 factor of intelligence (g), which repre- verbal Scholastic Aptitude Test, a test of ver- specific abilities as well. 
sents what is general or common to all the bal comprehension and reasoning skills with Support for a yet broader conceptualiza- 
abilities that constitute so-called IQ (intel- items similar to some of those on intelli- tion of intelligence stems both from modern 
ligence quotient). Spearman argued that g gence tests, Bush scored 566; Gore, 625; theories and modern research on intelli- 
contributes to success on a wide range of and Bradley, 485 (2) (the mean for U.S. col- gence. A triarchic theory of intelligence, for 
cognitive tasks. A competing hypothesis lege applicants is roughly 500 and the stan- example, has broader notions of the abilities 
put forward by Thomson in 1916 proposed dard deviation 100, with a range of 200 to constituting intelligence than either the 
that what appeared to be a unitary general 800). These notably undistinguished scores Spearman or Thomson hypotheses. This tri- 
ability was in fact a collection of multitudi- were accompanied by equally undistin- archic theory postulates a separation of ana- 
nous and diverse skills needed to complete guished academic records on the part of lytical intelligence (the only kind measured 
most intellectual tasks. Theories such as Bush at Yale and Gore at Harvard, but not of by Duncan et al.), creative intelligence, and 
these have been largely divorced from the low-scorer Bradley, who graduated magna practical intelligence (5) (see the figure). 
development of most tests of intelligence. cum laude from Princeton. It is possible, of This theory has found confirmatory factor- 
Such tests have, for the most part, been de- course, that notable success in politics de- analytical support for the relative indepen- 
veloped in a theoretical vacuum as mea- pends little on intelligence, but it is also pos- dence (statistical separation) of these abili- 
sures of analytical skills, and then only re- sible that there is more to intelligence than ties across different cultural groups, and 
lated to theories of intelligence post hoc. 

To provide a bridge between theories and 
tests of intelligence, Duncan et al. (1) have - 
used positron emission tomography to moni- 
tor brain activation in volunteers performing 
different spatial, verbal, and perceptuo-motor 
tasks. They then asked which hypothesis, 
Spearman's or Thomson's, was best supported 
by their PET scan data. On page 457 of this 
issue they report, consistent with past find- 
ings, that performance of tasks that are good 
measures of g results in activation of portions Entrance,, 

of the brain's hntal lobes. They interpret this 
fiding as supporting Spearman's hypothesis 
because one area of the brain (rather than 
many) is primarily activated when volunteers 
perform different g-based tasks (although this 
interpretation is questionable because there is 
no clearly specified metric for what consti- 
tutes one area of the brain versus ''diffuse 
neural recruitment"). But how does any of 
this relate to intelligence as it operates in the 
everyday world? 

Given that this is the year when a new 
U.S. president is to be elected, perhaps there 
is more than usual interest in the testing of 
intelligence. Three of the more occupation- 
ally successful individuals in the United 
States are Governor George W. Bush, Vice- - 
President A1 Gore, and Ex-Senator Bill 

whom have been candidates Ten your intelligence. Conventional tests of intelligence primarily measure analytical skills. 
More comprehensive tests (based on a broader, "triarchic" theory of intelligence) measure cre- 

~h~ author is in the D~~~~~~~~ of psychology, yale ative and practical abilities as well. These additional abilities are relatively distinct from analytical 
University, Box 208205, New Haven, CT 06520- skills.An example of a test for creativity might be to  write a caption for a cartoon.An example of 
8205, USA. E-mail: robert.sternberg@yale.edu a test for practical skills is given above. 
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lytical skills. 
Even the two principal originators of 

contemporary intelligence tests, Binet and 
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groups of different ages and socioeconomic 
status (6).Conventional factor-analytical 
studies may find a g factor because they use 
only a relatively narrow range of tests (7). 
Moreover, tests of practical intelligence re- 
quiring real-world problem solving and deci- 
sion-making-the kind in which Gore, 
Bush, and Bradley seem to excel-typically 
have been found to have only trivial correla- 
tions with tests of analytical intelligence, but 
to predict real-world job performance as well 
as or better than do analytical tests (8).In 
one study, the correlations were actually neg-
ative (9),suggesting that in societal circum- 
stances in which practical skills are highly 
valued but academic ones are not, intelligent 
individuals may develop their practical skills 
at the expense of academic, analytical skills. 

The frontal lobes certainly are important 
for many aspects of intelligence. However, al- 
though Duncan et al. propose that the neural 
circuitrv of the frontal lobes is the basis of in- 
tellige;ce, they fail to show anything more 
than a correlational relationship. The fact that 
a dependent measure correlates with a bio- 
logical event does not mean that it is caused 
by this event, because correlation does not 
imply causation. One cannot tell from a cor- 
relation between two variables whether the 
first variable causes the second variable, the 
second variable causes the first variable, or 
both variables are dependent on some third 
higher order variable. It is well established 

that learning alters the structure and function 
of the brain (10). Moreover, studies of indi- 
vidual differences in brain activation patterns 
as measured by PET scanning suggest that 
more intelligent people often show less, not 
more of certain kinds of frontal activation 
when they are performing analytical tasks 
(1I ) ,  presumably because they find the tasks 
less challenging than do less intelligent peo- 
ple. Thus, the fact that areas of the brain are 
activated during some kinds of intelligent 
thought does not mean that their activation is 
the cause of these thought processes. More- 
over, the Duncan study does not indicate 
whether these same areas are activated during 
creative or practical thought, or during the 
thought required for people to be intelligent 
in their everyday lives. 

The mental-atlas approach taken by Dun- 
can et al. (dating back to the time of the phre- 
nologist Gall) implies that the understanding 
of intelligence depends upon finding the lo- 
cus or loci of intelligence in the human brain. 
Their claim is similar to the weak claim that 
we understand the intelligence of a computer 
when we localize its artificial intelligence in 
a silicon chip embedded deep within the 
hardware. To understand human intelligence 
we must first unravel the functional signifi- 
cance of the frontal lobes and the elements 
contained therein and learn how operations in 
the designated areas are connected with the 
tasks that people perform. 
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Ribozyme Evolution 
at the Crossroads 

Gerald F. Joyce 

t is a fundamental tenet of biology that 

Ithe amino acid sequence of a protein de- 
termines its structure. which in turn de- 

termines its function. If two proteins have a 
similar sequence, then their structures and 
functions are likely to be similar. The same 
may be said of RNA molecules that behave 
as enzymes (called ribozymes). Sequence 
similarity between two such RNA mole-
cules implies that they have the same struc- 
ture and function. Or does it? On page 448 
of this issue, Schultes and Bartel (1) pre- 
sent an example of one RNA sequence that 
can adopt two completely different struc- 
tures, each having a distinct catalytic activi- 
ty. Furthermore, they demonstrate that a 
continuum of mutations in this common 
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RNA sequence leads in a stepwise manner 
to sequences that are optimized exclusively 
for one catalvtic activitv or the other. This 
shows that smooth evolutionary pathways 
exist between distinct ribozymes, facilitat- 
ing the rapid evolution of RNA-based cat- 
alytic activities. 

The two catalytic activities selected by 
the investigators have no evolutionary rela- 
tionship. One activity is the cleavage of 
RNA catalyzed by the hepatitis delta virus 
(HDV) ribozyme, which assists in the repli- 
cation of HDV viral RNA (2). The other is 
RNA ligation catalyzed by the class I11 lig- 
ase ribozyme, an activity obtained in the 
laboratory through "test-tube" evolution 
(3). The two catalyzed reactions have dis- 
tinct mechanisms (see the figure). RNA is 
cleaved by the HDV ribozyme through at- 
tack by an internal 2' hydroxyl on the adja- 
Cent phosphate, forming a 2',3'-cyclic 
phosphate and releasing an oligonucleotide 

Plato was among the first to recognize the 
brain as the seat of intelligence. It is sobering 
to realize that our progress since Plato is the 
alleged localization of intelligence to a certain 
part of the brain rather than an understanding 
of how the brain or anythmg else can produce 
the kind of achievements that the world has 
seen from Gore, Bush, or Bradley, or from 
Einstein, Darwin, or Galileo, for that matter. 
The results of Duncan et al. provide a holey 
grail rather than the Holy Grail, because as 
yet they have not provided the whole grail. 
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5'-hydroxyl. RNA ligation by the class I11 
ligase occurs through attack by the termi- 
nal 2'-hydroxyl group of an oligonu- 
cleotide substrate on the a-phosphate of an 
oligonucleotide 5'-triphosphate, forming a 
2',5'-phosphodiester linkage and releasing 
inorganic pyrophosphate. The two ri- 
bozymes have approximately 25% se- 
quence similarity (no more than would be 
expected by chance) and adopt completely 
different secondarv and tertiarv structures. 

After careful lxamination'of the HDV 
and class I11 ligase ribozyrnes, Schultes and 
Bartel constructed an "intersection se-
quence" that simultaneously satisfied the re- 
quirements for both catalytic activities. m s  
is no small feat. Imagine generating a string 
of text that, without changing the order of a 
single letter, could be grouped into different 
words so as to provide two paragraphs that 
have entirely different meanings. This would 
be a near-impossible task with an alphabet 
of 26 letters (or 20 amino acids), especially 
if the paragraphs (or proteins) had a com- 
plex structure. The task is less difficult with 
RNA molecules because they contain only 
four "lettersM-A, U, G, and C. Further-
more, the letters are interchangeable in a 
painvise fashion (maintaining Watson and 
Crick pairing) within stem structures or in- 
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