Molecular Uniformity in
Biological Catalyses

The enzymes concerned with firefly luciferin, amino acid,
and fatty acid utilization are compared.

W. D. McElroy, M. DeLuca, James Travis

Early studies, on the mechanism of
energy transformation in  micro-
organisms and skeletal muscle, re-
vealed the necessity of coupling exer-
gonic or “energy liberating” reactions
to biosynthetic or functional processes.
Sufficient data had accumulated by the
1940°s to indicate that the chemical
coupling agent in cellular energy trans-
formation is the pyrophosphate bond
of adenosine triphosphate (ATP) (/).
This pyrophosphate bond energy was
subsequently implicated in almost all
biosynthetic processes requiring energy.

Biochemists have recently been con-
cerned with the mechanisms of energy
utilization in the synthesis of macro-
molecules such as complex polysaccha-
rides, fats, nucleic acids, and protein.
From these and earlier studies it soon
became evident that the initial reaction
in the utilization of many compounds
having a carboxyl (COOH) group in-
volves a unique step requiring ATP.

In 1941, Lipmann predicted that
high-energy phosphate groups (~p) are
essential for the incorporation of amino
acids into protein (/). The nature of
the initial step was first suggested by
studies concerned with fatty acid metab-
olism in which it was demonstrated
that the formation of acetyl coenzyme
A in mammalian tissue involves a pyro-
phosphorolysis of ATP yielding adenylic
acid (AMP) and inorganic pyrophos-
phate (PP) (2). In the same year, Maas
and Novelli discovered that, in the syn-
thesis of pantothenic acid from pantoic
acid and B-alanine, stoichiometric
amounts of AMP and PP appear (3).
A similar observation concerning the
synthesis of hippuric acid from benzoic
acid and glycine was also reported (4).
Both syntheses involve the formation
of a peptide bond (5). By 1954 the
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primary mechanism for the activation
of carboxyl groups which were involved
in biosynthetic reactions was suggested
to be as follows (6):

O
Mg++
RCOO™ + ATPS RC— AMP 4 PP (1)

Hoagland presented direct evidence
that reaction 1 is the general mecha-
nism for amino acid activation (7).
Berg reported similar data for acetate
activation and suggested that acetyl-
AMP is the intermediate compound
leading to the formation of acetyl co-
enzyme A (8). Peng (9) and Jencks
and Lipmann (/0) reported similar
mechanisms for the activation of long-
er-chain fatty acids. In 1958, Rhodes
and McElroy indicated that a similar
activation step is necessary for light
emission in firefly extracts and demon-
strated the formation of dehydroluci-
feryl-adenylate (reaction 6) (/1). At the
same time several investigators reported
the formation of tryptophanyl-adenylate
by a purified enzyme (12).

By 1958, there was convincing evi-
dence that the initial step in the utiliza-
tion of fatty acids, amino acids, luci-
ferin, pantoic acid, and benzoic acid
involved the formation of an acyl-
adenylate and pyrophosphate (5). The
general equation for activation and sub-
sequent transfer may be written

o ] o
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RCO~ + ATP=2RC— AMP + PP (2)
) o

I |
RC—AMP + X2 RC—X + AMP (3)

We now know that the acceptor,
X, may be coenzyme A in the case of
acetate and dehydroluciferin activation,
transfer RNA (tRNA) for amino acid

activation, or oxygen for luciferin acti-
vation. It has been difficult to demon-
strate reaction 2 because the acyl-adenyl-
ates are tightly bound to the enzyme
and therefore do not accumulate. In a
few cases when large amounts of en-
zyme were used, it has been possible
to isolate equivalent amounts of acyl-
adenylates (/3-17).

Sufficient evidence has been obtained
on the mechanism of action of these
synthetases to make it worth while to
compare their properties (/8). An un-
derstanding of the mechanism of for-
mation and reaction of acyl-adenylates
and the physical and chemical prop-
erties of the corresponding synthetases
should help in judging the relative im-
portance of the enzymes in initiating
and regulating synthetic processes.

Because of our more immediate in-
terest and knowledge of the mecha-
nism of action of luciferase we present
its properties in detail and compare,
where possible, the characteristics of this
enzyme with fatty acid acyl coenzyme
A synthetase and aminoacyl tRNA
synthetase.

The reactions catalyzed by luciferase
are as follows:

Mg+
LH; + ATP + E 2E - LH--AMP + P&)

E « LH:-AMP - O; — light + products5
\ges &)
L+ ATP -+ E=E+L-AMP 4+ PP (6)
E+L-AMP + CoA @ E + L-CoA -+ A1\(471;
where LH, is luciferin, L is dehydro-
luciferin (Fig. 1), and E is enzyme.
The reactions catalyzed by fatty acyl
coenzyme A synthetases are
Mg++
FA +ATP+E=2
E « FA-AMP -- PP 8)
E+FA-AMP 4 CoA &
E+FA-CoA +AMP  (9)
where FA is fatty acid.
The reactions catalyzed by amino-
acyl-tRNA synthetase are

Mg+t
AA + ATP L E=
E-AA-AMP + PP  (10)
E - AA-AMP -+ tRNA =
E + AARNA + AMP (11

where AA is amino acid. All of these
enzymes have many properties in com-
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mon, the most important of which may
be summarized as follows:

1) All synthetases catalyze an ex-
change between pyrophosphate and
ATP, which is dependent upon the spe-
cific substrate (reactions 4, 6, 8, and 10).
This indicates that pyrophosphate is a
product of the activating step and that
the reaction is reversible. The only
possible exceptions thus far reported
are the arginyl and glutamyl-tRNA syn-
thetases (/9). With these enzymes, pyro-
phosphate will exchange into ATP only
if tRNA is added to the reaction mix-
ture. Apparently the enzyme-tRNA
complex is the active form of the en-
zyme that catalyzes the formation of
the acyl-adenylate and of pyrophos-
phate.

2) The enzyme-bound acyl-adenylates
[E-R(CO)-AMP] react under appropri-
ate conditions with hydroxylamine
forming the corresponding hydroxamic
acid derivative. This suggests the pres-
ence of an activated carboxyl group.

3) In a few cases the intermediate
of the activating reaction (acyl-adenyl-
ate) has been isolated. These acyl-
adenylates are tightly bound to the en-
zyme, and their reactivity is usually re-
stricted to those compounds next in the
biosynthetic sequence.

4) The synthetases catalyze the trans-
fer of the acyl-adenylate to an ap-
propriate acceptor with the liberation
of adenylic acid (reactions 7, 9, and
11). It is evident that AMP exchange
depends upon the presence of the ac-
ceptor molecule. The AMP exchange
indicates the reversibility of this trans-
fer reaction. The only possible excep-
tions to the reversibility of this reac-
tion involve the activation of lipoic
acid and biotin. In these two reactions
the bound acyl-adenylates react directly
with a specific lysine residue in the cor-
responding apoenzyme, forming a stable
amide bond and free AMP.

5) The activating step is specific for
ATP and has an absolute metal re-
quirement, namely, for Mg++ or
Mn+*+ ions. In the case of luciferase
and fatty acyl coenzyme A synthetases
metals are not required in the transfer
reaction (8, 16, 20). In the case of the
transfer of aminoacyl-adenylates to
tRNA there remains some difference of
opinion concerning a metal require-
ment (14, 15).

6) As a general rule all of the en-
zymes require two or more sulfhydryl
groups for activity. Sulfhydryl oxida-
tion has been suggested to explain the
instability of nearly all synthetases iso-
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lated. The one exception to this gen-
erality is the lysyl-tRNA synthetase
from Escherichia coli (21). This en-
zyme has been studied extensively and
has proved unusual in its insensitivity
to sulfhydryl reagents. Interestingly
enough, the lack of inhibition of the
lysyl-tRNA synthetase from E. coli may
be unique, since a similar activity in rat
liver and ascites tumor can be inhibited
by mercurials (21).

7) The evidence shows that only one
acyl-adenylate is formed per enzyme
molecule. The common structure for
the binding of the acyl-adenylate to the
enzyme is R(CO)OPO-adenosine. At
least two groups must be recognized
by the enzyme (the R and the adenine
groups) although the acyl phosphate
must contribute greatly to the tight
binding of the acyl-adenylate to the
enzyme. As discussed later, an accep-
tor molecule, in order to react with
the enzyme-bound acyl-adenylate, must
be capable of recognizing a specific
configuration of the intermediate en-
zyme complex.

8) All synthetases (16, 22-25) ex-
cept the acetyl coenzyme A synthetase
(26) and the phenylalanyl-tRNA syn-
thetase (22, 27, 28) have molecular
weights near 100,000. The latter is re-
ported to have a molecular weight be-
tween 150,000 and 180,000, which may
reflect a basic difference in the protein
structure of this enzyme from other
synthetases or an aggregation such as
that observed for the acetyl coenzyme
A synthetase. The subunit structure of
Photinus pyralis luciferase is composed
of two subunits of molecular weight
51,000 (24). Apparently methionyl-
tRNA synthetase also has subunit struc-
ture (29). The amino acid composition
of four synthetases so far examined is
similar (23, 30, 31).

Let us now consider the reactivity
and specificity of the enzyme-bound
acyl-adenylates. The hypothesis which
we propose for all synthetases is that
large conformational changes occur
when specific substrates combine with
these enzymes. These conformational
changes alter the specificity and reac-
tivity of the enzyme-bound acyl-adenyl-
ates.

Reactivity and Properties of
Enzyme-Bound Acyl-Adenylates
Acyl-adenylates in aqueous solution

are highly reactive. An indication of
their reactivity is given by their lability
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Fig. 1. Structure of luciferin and dehydro-
luciferin; p(—) luciferin is the natural form
of luciferin.

at different pH’s. At neutral or alkaline
pH the acyl-adenylates are rapidly hy-
drolyzed to the corresponding free acids
(20, 32-36). The extreme reactivity of
the free acyl-adenylates is shown by
studies of model systems. At neutral
pH, acyl-adenylates react rapidly with
hydroxylamine, thiols, alcohols, amines,
imidazole, and water, releasing AMP
and the respective acyl derivatives (32).
Low concentrations of imidazole in-
crease the rate of reaction with gluta-
thione and coenzyme A. Acetyl-adenylic
acid in the presence of imidazole forms
a ribose-acetylated AMP in addition to
acetylimidazole. This nonenzymic re-
action is analogous to the transfer of
amino acids to the 3-hydroxyl of the
terminal AMP of tRNA. It might be
supposed that a histidine of the enzyme
near the binding site of the acyl-adenyl-
ates could act in a similar manner to
catalyze the transfer of the acyl group
to the appropriate acceptor. Evidence
implicating such a histidine is still very
limited.

In many cases, the enzyme-bound
acyl-adenylate may be rapidly hydro-
lyzed, but the interaction with other
molecules is greatly restricted. The na-
ture of the binding of the acyl-adenyl-
ate to the enzyme appears to limit the
accessibility of nucleophiles and thereby
confers a specificity on the overall re-
action.

In view of the reactivity of acyl-
adenylates and the variety of nucleo-
philic groups in these enzymes, it is
somewhat surprising that many non-
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specific transfers do not occur. This
must be attributed to the very tight and
restrictive binding of the acyl-adenyl-
ate to the synthetases and may have
significant biological implications with
regard to specificity and regulation of
biosynthetic processes involving acyl-

adenylates.
Another important aspect of the
enzyme-catalyzed reactions of acyl-

adenylates concerns the equilibrium of
the overall reaction. The equilibrium
constant for the valyl-tRNA synthetase
reaction at pH 7 is 0.32 (35). The
constants for the threonyl-tRNA syn-
thetase (36), acetyl coenzyme A syn-
thetase (37), and the fatty acyl-coen-
zyme A synthetase of the intermediate
chain are all about 1 at pH 7.0 (38).
Zachau and Feldman have discussed the
chemistry of acyl-adenylates and their
derivatives (34).

In the case of the aminoacyl-tRNA
synthetases, the rate of formation of
aminoacyl-adenylate is 20 to 140 times
faster than the transfer to tRNA (35);
the opposite is true with luciferase
where the oxidative step is ten times

faster than formation of luciferyl-
adenylate (20). It would be interesting
to know if transfer from synthetic
aminoacyl-adenylates to tRNA occurs
at the same rate as the overall reaction.

The turnover number for the synthe-
tases is unusually low. The acetyl co-
enzyme A synthetase has one of the
highest turnover numbers, 910 moles
of acetate per mole of enzyme per
minute (39).

Reaction of Firefly Luciferase

Luciferyl-AMP and oxygen. Like
the fatty acyl coenzyme A and amino-
acyl-tRNA synthetases to be discussed
below, firefly luciferase catalyzes the
formation of luciferyl-adenylate (LH-
AMP) from luciferin (LH,) (Fig. 1)
and ATP (711, 20) (reaction 4). The
enzyme-bound LH,-AMP reacts rapidly
with oxygen, giving rise to an excited-
state intermediate which subsequently
emits light (reaction 5 and Fig. 2). Al-
though the nature of the intermediate
and the product of the light reaction

Fig. 2. Representation of luciferase action. There are at least two binding sites on
luciferase, one for ATP and the second for luciferin. Both the adenine and the
polyphosphate structure in ATP are ‘important for binding. The hydroxyl and the
carboxyl groups are important in the binding of luciferin. The initial reaction is the

formation of luciferyl-adenylate

(LH.-AMP)

and inorganic pyrophosphate. The

enzyme-bound LH--AMP reacts rapidly with oxygen to give light and unknown products.
Dehydroluciferin combines at the luciferin site and reacts with ATP forming dehydro-
luciferyl-adenylate (L-AMP). No light is emitted from this reaction. Enzyme-bound
LH-AMP or L-AMP reacts readily with coenzyme A forming the corresponding thiol
ester. The evidence indicates that the ATP binds at its normal active site as indicated in
the figure, thus altering the reactivity of the bound acyl-adenylate (homosterism). In the
absence of coenzyme A, water reacts rapidly with the acyl-adenylate-ATP-enzyme
complex to hydrolyze the acyl-adenylate. If pyrophosphate is removed, there is
therefore a continuous breakdown of ATP into AMP and PP.
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are unknown, one light quantum is
emitted for each luciferin molecule oxi-
dized, and one molecule of oxygen (O,)
is used in the process (40). The syn-
thetic acyl-adenylate (LH,-AMP) will
react also with the enzyme to give light
emission, thus eliminating the require-
ment for ATP.

Effect of enzyme and substrate struc-
ture on color of light emission. Light
emission in an enzyme-catalyzed reac-
tion depends upon the creation of an
excited state in an enzyme-intermediate
complex. The chromophoric group (oxi-
dized LH,-AMP) bound to the enzyme
has been considered of primary im-
portance in specifying the electronic
transitions allowed, thus determining
the color of light emitted. However, it
has been demonstrated that both the
structure and conformation of the en-
zyme are important factors in influenc-
ing the color of light. For example,
analyses of more than 20 different spe-
cies of fireflies indicate that, while all
the luciferins are identical, the color
of light emitted varies by over 600
angstroms (yellow-green to orange).
Measurements in vitro of the light pro-
duced by individual firefly species show
conclusively that the source of the en-
zyme is the primary factor which de-
termines the color of light, suggesting
structural differences in the luciferase
of each species (47).

After these observations were made,
it was possible to demonstrate that
various environmental factors that af-
fect the secondary and tertiary struc-
ture of luciferase would also alter the
color of light. High temperature, for
example, led to a red emission (617
my) compared to a normal yellow-green
(562 my) for extracts of Photinus
pyralis. In addition the color of the
bioluminescence in vitro is markedly de-
pendent upon the pH of the reaction
solution (42). There are two different
emitters (Fig. 3), one leading to the
normal yellow-green light at neutral
and alkaline pH, identical with that ob-
served in the intact firefly, and the
second yielding a red emission at acid
pH (617 my). Urea, Zn?+, Cd?+, or
Hg?+ ions also change the yellow-
green light to red. From the foregoing
it was concluded that configurational
changes occur and alter the interaction
of the enzyme with the excited inter-
mediate, yielding a different emitting
species.

One might also expect to change the
color of light by altering the structure
of the substrates (LH, and ATP) in
a manner which would affect their bind-
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Fig. 3. Effect of pH on the bioluminescence emission in vitro of Photinus pyralis
luciferase plus P. pyralis luciferin (Fig. 1). Reaction initiated with ATP and Mg® ions in
0.025M glycylglycine buffer. The spectra are normalized to 1 at the peak of emission.

ing to the enzymes. Unfortunately, it is
not possible to change greatly the
luciferin structure and still obtain an
active light-emitting substrate; however,
some luciferin analogs have been syn-
thesized (43). As indicated in Fig. 4,
aminoluciferin (6’NH,-LH,) gives a
red emission instead of the yellow-green
observed with natural luciferin. Fur-
thermore, it is important to note that
pH changes have no effect on the color
of light emitted from the amino lucifer-

in. This lack of effect and other data .

indicate that the ionization of the 6-
hydroxyl group in luciferin is important
in determining the nature of the emit-
ter. By studying the appearance of the
red emission at different pH’s, one ob-
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tains a pK (6.8) that suggests that the
hydroxyl group is interacting with a
histidine residue. Apparently it is the
phenolate ion which interacts and gives
the normal light color; substitution with
an amino group prevents this inter-
action and the pH effect.

Leonard and associates (44) have
demonstrated that an ATP isomer with
the ribose attached to the 3-position
of the adenine ring is 10 to 15 percent
as effective in the light reaction as nor-
mal ATP. The additional interesting ob-
servation is that, with the isomer, red
light is emitted at pH 7.0, in compari-
son to the normal yellow-green ob-
served with natural ATP. Even with the
isomer it is possible to obtain a pre-
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Fig. 4. Bioluminescence emission spectra of (a) Photinus pyralis luciferase plus
6’-amino luciferin at pH 6.0 (Q), pH 7.7 ((J), and pH 8.55 (A); (b) P. pyralis
luciferase plus luciferin at pH 6.0, and (¢) P. pyralis luciferase plus luciferin at pH 7.6.
The spectra are normalized to 1 at peak emission.
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dominately yellow-green emission if the
pH is shifted to 8.0. This suggests
that the nucleotide attachment to luci-
ferin and presumably to the enzyme is
important in determining the color of
the light. C

These results indicate that the com-
plex of enzyme with intermediate is
important in determining the nature
of the transition complex in light emis-
sion. The alteration induced by tem-
perature, pH, urea, and substrate ana-
logs can modify the nature of the
enzyme-bound emitter.

Reaction of dehydroluciferin with co-
enzyme A. Certain aspects of luciferase
action can be studied more readily by
considering a third catalytic reaction,
namely, the formation of dehydro-
luciferyl-adenylate (L-AMP) from de-
hydroluciferin (L) and ATP (reaction
6).

The equilibrium constant for the ac-
tivation step at pH 7.1 is 2.5 x 103,
and the dissociation constant, K, as de-

fined by the equation below was 5 X
10—10,

K = ®tree (LAMP)creg
(E+L-AMP)
This tight binding of dehydroluciferyl-
adenylic acid to the enzyme explains
why it is such a potent inhibitor of
luciferase for light emission (20).

As it does with other synthetases, in-
organic pyrophosphate readily reacts
with the bound acyl-adenylate to form
free L and ATP (reaction 6). Reduced
coenzyme A also reacts with enzyme
bound L-AMP to form dehydroluci-
feryl coenzyme A and adenylic acid
(45) (reaction 7).

It has been demonstrated that L-
coenzyme A in the presence of the
enzyme, will react with AMP to form
E-L-AMP. If 14C-labeled AMP and
32PP are added to such a reaction
mixture, both labels can be recovered
in the ATP. The specificity of the co-
enzyme A reaction is indicated by the
fact that dephospho coenzyme A as
well as other derivatives of coenzyme
A are completely inactive. Other sulf-
hydryl compounds, such as cysteine
and glutathione, will not react with L-
AMP when it is bound to the enzyme
although both compounds react rapid-
ly with free L-AMP to form the cor-
responding dehydroluciferyl derivatives.

The reaction of coenzyme A with the
enzyme-bound L-AMP occurs. much
more readily when ATP is present.
This observation, as well as others dis-
cussed later, indicate that ATP induces
a change in the luciferase structure in
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such a way that the bound L-AMP
becomes more reactive to certain mole-
cules (Fig. 2). The increased reactivity
of bound acyl-adenylates in the pres-
ence of ATP or other modifier mole-
cules has been observed with other
acyl-adenylate synthetases.

Reaction of E-L-AMP with water:
hydrolase. When dehydroluciferin reacts
with ATP in the presence of luciferase,
an equilibrium is rapidly reached in
which inorganic pyrophosphate is
formed as one of the products along
with enzyme bound L-AMP (reaction
6). If inorganic pyrophosphatase is
added to the reaction mixture in order
to hydrolyze the pyrophosphate, one
observes a continuous breakdown of
ATP into AMP and inorganic phos-
phate (46). This could only occur if
the enzyme-bound L-AMP were hydro-
lyzed to form L, AMP, and free en-
zyme. Numerous experiments indicate
that ATP does not favor the dissocia-
tion and slow hydrolysis of L-AMP.
Rather, in the presence of ATP there
is a rapid enzymatic hydrolysis of L-
AMP (reaction 12) (20, 47).

AT

E+L-AMP + H.O >E+L+A1}4P

12)

Therefore ATP induces a change in
the luciferase so that bound L-AMP
reacts much more readily with water or
coenzyme A. The formation of L-AMP
on the enzyme apparently leads to a
conformational change in the E-L-AMP
complex that allows the steric accom-
modation of a second ATP (Fig. 2).
This interaction of ATP with E-L-AMP
brings out hydrolase activity. A similar
hydrolase activity induced by tRNA has
been observed by Norris and Berg for
the isoleucyl-tRNA synthetase (/5). This
enzyme will activate both isoleucine and
valine but does not catalyze the trans-
fer of valine to tRNA. If isoleucine
tRNA is added to enzyme-bound
valyl-AMP, there is a rapid hydrolysis,
with the formation of free valine and
AMP. It is possible that hydrolase
properties of the synthetases may be
important in regulating or restricting
the reactivity of bound acyl-adenylates.

Reaction of Fatty Acyl
Coenzyme A Synthetase

After Berg (5) demonstrated that
synthetic acetyl-AMP could serve as
a substrate for the acetyl coenzyme
A synthetase, numerous efforts were
made to demonstrate the enzymatic for-
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mation of the intermediate from ATP
and acetate. Webster and Campagnari
were the first to actually demonstrate
the formation of acetyl-1*C-adenylate
from acetate-1*C, ATP, MgCl,, and
the synthetase (/7). The fact that large
quantities of enzyme were required
suggested that the product was tightly
bound to the enzyme. The equilibrium
appeared to be in favor of ATP and
free acetate. However, the removal of
pyrophosphate by pyrophosphatase ac-
tion did not increase the amount of
acetyl-AMP formed. That the acetyl-
14C-adenylate was bound to the en-
zyme was suggested by the fact that
there was a constant ratio between ra-
dioactivity and enzyme in the various
fractions collected after the reaction
mixture was chromatographed on a
Sephadex column. In addition, the en-
zyme-associated radioactivity was con-
verted to acetyl-*C—-coenzyme A by
incubation with coenzyme A. If one
assumes that one acetyl-adenylate com-
bined with one active site in the enzyme,
Webster was able to determine the max-
imum molar concentration of acetyl-
adenylate needed to saturate the enzyme
(16). From these data he calculated a
molecular weight that agreed with the
estimates determined by sedimentation
characteristics (83,000 to 85,000),

Webster (48) has crystallized this en-
zyme and shown that the molecular
weight of the catalytic unit is 35,000.
This interesting finding of a difference
in the molecular weight was due to the
aggregation of enzyme molecules in the
earlier preparation. Apparently in the
aggregated preparation some of the
catalytic sites were unreactive, as re-
vealed by the higher specific activity of
the crystalline preparation. It is evident
that caution should be exercised when
working with partially purified prepara-
tions. Reports of multiple synthetases
for a specific substrate might reflect a
similar aggregation-deaggregation phe-
nomenon. Furthermore, it should be
emphasized that dissociation of such
an aggregate in vivo, if it occurs, could
increase enzymatic activity by increas-
ing the number of active sites rather
than increasing the activity by some al-
losteric transition.

The enzyme purified by Webster
showed an absolute requirement for
Mg++ for the formation of acetyl-
adenylate from ATP and acetic acid.
The formation of acetyl-adenylate from
acetyl coenzyme A and AMP, the re-
verse of reaction 9, did not depend on
Mg+ + ion. Furthermore, the yield of
acetyl-adenylate under equilibrium con-

ditions was not altered, indicating fur-
ther that Mg++ jon was not essential
for its binding. Similar results have
been obtained by Campagnari and Web-
ster using a highly purified acetyl-co-
enzyme A synthetase from bovine heart
mitochondria (39). Adenylic acid in-
hibits the enzyme while adenosine di-
phosphate and Pi are without effect.
Neither guanosine triphosphate or cyto-
sine triphosphate would substitute for
ATP, and glutathione would not sub-
stitute for coenzyme A.

Others studying synthetases which ac-
tivate fatty acids of intermediate chain
length have also concluded that specific
fatty acyl-adenylates are enzyme-bound
intermediates, formed from ATP and
the corresponding acid (31, 49).

Reaction of

Aminoacyl-tRNA Synthetases

Properties of the reaction. It now
seems certain that the initial steps in the
synthesis of proteins involve the activa-
tion of the 20 amino acids by at least
20 specific synthetases to form bound
aminoacyl-adenylates (reaction 10) (5,
50). This activated amino acid is then
transferred to a specific tRNA (sRNA)
to form the aminoacyl-tRNA (reaction
11). It has been shown that these spe-
cific aminoacyl-tRNA’s are recognized
by a triplet base sequence in the mes-
senger RNA (57). The activated amino
acid is then incorporated into a poly-
peptide.

In addition to the role the aminoacyl-
tRNA synthetases play in protein syn-
thesis, they are important in the regula-
tion of RNA synthesis, enzyme repres-
sion, and intergenic suppression (52).
We have not attempted to review all
aspects of these possible functions of
the synthetases.

The aminoacyl-tRNA synthetases
have been assayed by three major meth-
ods. One involves the amino acid—de-
pendent 32PP exchange (reaction 10),
a second involves the formation of the
hydroxamic acid derivatives of the
amino acid, while the third method de-
pends upon the transfer of amino acid
to a specific tRNA (reaction 11).

After the earlier observations of Hol-
ley (53), Hoagland et al. (54), and
Ogata and Nohara (55) there were
many demonstrations of specific low-
molecular-weight RNA (tRNA) frac-
tions which would accept amino acids
from specific synthetases (50). McCully
and Cantoni (56) suggested a model for
the structure of tRNA in which the
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polynucleotide chain is folded back on
itself like a hairpin. The unpaired nu-
cleotides which must be present at the
fold (the anticodon) were suggested as
being available for specific hydrogen
bonding to the appropriate triplet code
on the messenger RNA, thus position-
ing the attached amino acid for poly-
peptide formation (57). The specificity
of the tRNA in interacting with a spe-
cific aminoacyl-adenylate synthetase
was presumed to be due to the sec-
ondary and tertiary structure of the
tRNA.

It now seems certain that there are
at least two important sites in each
tRNA, each interacting specifically with
the synthetase. One of these must be
unique for each tRNA, the other com-
mon to all. The common site is the
terminal adenosine which accepts the
activated amino acid at the 3’-carbon
of the ribose moiety. The unique site
must involve the remaining structure of
the polynucleotide.

Although little is known about the
specific sites of interaction between the
aminoacyl-tRNA synthetase and tRNA,
a number of studies with either modi-
fied tRNA or various polynucleotides
as inhibitors suggest that the anticodon
is of importance in the recognition and
the specificity of interaction (58). Other
data indicate the importance of the en-
tire structure of the RNA for specific
interaction with enzyme-bound amino-
acyl-adenylates (59).

A good example of the specificity
of the transfer reaction has been shown
by Norris and Berg using pure iso-
leucyl-tRNA synthetase from Escheri-
chia coli (15, 60). This enzyme is un-
usual in that it is capable of forming
both isoleucyl-adenylate and, to a lesser
extent valyl-adenylate. However, when
tRNA specific for isoleucine is added,
only the isoleucyl-adenylate is trans-
ferred, while the valyl-adenylate is
rapidly  hydrolyzed. The addition
of tRNA specific for accepting valine
does not lead to the formation of valyl-
tRNA. Thus even if the synthetase
makes an error in recognizing and ac-
tivating the wrong amino acid the spe-
cific tRNA is incapable of recognizing
and reacting with the abnormal en-
zyme acyl-adenylate complex.

This same rigorous specificity has
been observed in the reverse reaction.
Herve and Chapeville (67) demonstrat-
ed this by preparing cysteinyl-tRNA
and then reducing with borohydride to
make alanyl-tRNA. Using the latter
compound as a substrate and either
cysteinyl-tRNA synthetase or alanyl-
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tRNA synthetase and AMP they were
unable to demonstrate the formation
of alanyl-adenylate.

Examining the same system as Nor-
ris and Berg, Loftfield and Eigner (62)
have shown that the presence of tRNA
specific for isoleucine suppresses valine
activation and accelerates the rate of
activation of isoleucine. Yeast tRNA, on
the other hand, showed no stimulation,
while oxidized Escherichia coli tRNA
remained a potent activator for forma-
tion of isoleucine hydroxamate. These
results suggest that tRNA specific for
a given amino acid and its homologous
synthetase induces a change in the en-
zyme resulting in increased specificity.

In some cases it is possible to alter
the overall specificity of the reaction.
Arca et al. (63) and Calvori et al
(64) have decribed the effect of tem-
perature on the isoleucyl-tRNA synthe-
sis in Bacillus stearothermophilus. At
moderate temperature (50°C), both iso-
leucine and valine were activated by the
enzyme but as reported by Norris and
Berg (15) for the Echerichia coli en-

‘zyme, only isoleucine was esterified to

the tRNA. However, as the tempera-
ture was increased to 80°C, the in-
corporation of isoleucine gradually di-
minished, while that of wvaline in-
creased. Furthermore, it appeared that
the tRNA for isoleucine was accepting
valine since excess isoleucine decreased
such incorporation. These data indicate
a conformational change either in the
enzyme or in the tRNA as the tempera-
ture is raised, resulting in an altered
specificity. It is important to point out
the analogy between the effect of tem-
perature on this system and on lucif-
erase where higher temperatures result
in the emission of a red light instead
of the normal yellow-green.

Because -of the high degree of spec-
ificity of a given tRNA for Iits
homologous enzyme, cross-reactions
with heterologous systems would not
be expected. A number of investigators
have shown a varying degree of inter-
changeability of the synthetase and
tRNA’s in different organisms (5, 50).
Only a few cases in which an absolute
specificity exists have been found. These
heterologous reactions have been par-
tially explained by data indicating the
presence of more than one tRNA
specific for a given amino acid from a
single species (50). It has been suggested
that the anticodon of these tRNA’s
may be distinct (65). Chromatographic
heterogeneity of tRNA preparations
must not be used as the sole criteria
for functionally different molecular

forms, as shown by the experiments of
Schleich and Goldstein (66). For
example, they were able to convert, by
treatment with urea and heat, one form
of highly purified tRNA into another
form with distinct chromatographic
properties. In addition to the observed
heterogeneity of the tRNA, there are
also reports that the same organism has
more than one synthetase capable of
activating a single amino acid (74, 50,
67). From these observations, it has
been suggested that the RNA charged
by homologous enzymes is not the samé
as that charged by heterologous en-
zymes.

It is not possible to discuss here
all the data concerned with the pos-
sible significance and mechanism of ac-
tion of the anticodon structure in recog-
nizing the specific aminoacyl-adenylate-
synthetase complex. There are several
recent reviews that present the exten-
sive details (50, 68). The essential fea-
ture that unpaired bases in the tRNA
are possibly important in recognizing
specific amino acids derives primarily
from our knowledge and thinking about
the genetic code. As suggested by Crick,
the tRNA must contain a complemen-
tary sequence for a code word in mes-
senger RNA (69). Numerous workers
have presented evidence which suggests
that the base sequence on tRNA (anti-
codon) is also important for recognizing
the amino acid adenylate bound to the
enzyme. Dunnell has made a specific
proposal concerning the possible mecha-
nism of amino acid interaction with the
anticodon (70).

These proposals do not consider the
importance of the enzyme in restricting
the reactivity of the bound aminoacyl-
adenylate. In this sense the synthetase
is not just a catalyst but is important
in the specific recognition process. When
the acyl-adenylate is formed on the en-
zyme we suggest that the tRNA must
recognize a specifically induced region
of the enzyme—aminoacyl-adenylate
complex (Fig. 5). Furthermore, it seems
likely that the terminal adenylate of
the tRNA competes with the adenylate
site of the acyl-adenylate and brings
the accepting hydroxyl group in close
proximity to the activated carboxyl
group. The rapid interaction of AMP
with aminoacyl-tRNA to form amino-
acyl-adenylate and the latter interaction
with PP to form ATP suggest a com-
mon or close binding site for the
adenylate moieties of ATP, aminoacyl-
adenylate, and aminoacyl-tRNA.

Reaction of hydroxylamine and pyro-
phosphate with enzyme aminoacyl-ade-
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nylates. As indicated earlier, Loftfield
and Figner have demonstrated that
homologous tRNA (Escherichia coli)
markedly increased the rate of forma-
tion of isoleucyl hydroxamate while
an equivalent amount of heterologous
tRNA (yeast) had no effect. Isoleucyl-
acceptor tRNA which had been oxi-
dized to a point where it had less than
0.3 percent of its original ability to
accept isoleucine still stimulated the
hydroxamate formation. Thus the evi-
dence indicates that the specific tRNA
even without the amino acid (adenylate)
acceptor capacity can change the en-
zyme—aminoacyl-adenylate complex so
that it will react more readily with

hydroxylamine. Loftfield and Eigner
concluded that the tRNA caused a
change in the conformation of the
enzyme to bring about this effect.

Hele (71) and Hele and Barth (72)
have also suggested that tRNA induced
an allosteric conformational change in
the aminoacyl-adenylate  synthetase
which results in an increased rate of
incorporation of PP into ATP. Thus
the evidence suggests an increased re-
activity to both pyrophosphate and hy-
droxylamine when tRNA is added to
the synthetase.

Reaction of nucleoside polyphos-
phates with enzyme aminoacyl-adenyl-
ates. Zamecnik et al. and Randerath

et al. have demonstrated that the E.
coli 1lysyl-tRNA synthetase will catalyze
the formation of diadenosine tetraphos-
phate (APPPPA or AP,A) (73). Lysine
is essential for the synthesis, and tRNA
is stimulatory. They propose that the
terminal phosphate of ATP reacts with
the enzyme-bound lysyl-adenylate much
in the same manner as pyrophosphate
reverses the initial activation step to
form ATP (Fig. 5). In support of this
mechanism they could demonstrate the
formation of diadenosine triphosphate
(AP;A) when ADP was added to the
reaction mixture. Furthermore “hybrid”
nucleotides could be formed if, in addi-
tion to ATP, GTP or dGTP (deoxygua-

Fig. 5. Scheme of aminoacyl-adenylate synthetase activity.
There are at least three important binding sites on the synthe-
tases which catalyze the activation and transfer of amino acids.
One of these sites is specifically concerned with the binding
of ATP in which it is known that the adenine and pyrophos-
phate structures are essential for reactivity. The second site is
specific for the amino acid in which the amino and carboxyl
groups are common to all of the amino acids except proline.
The initial reaction is the formation of aminoacyl-adenylate and
pyrophosphate. A specific tRNA binds to the enzyme and recog-
nizes the aminoacyl-adenylate-enzyme complex. Both the anti-
codon regions and the secondary structure of the tRNA appear
to be important in the site recognition. In addition, the terminal
adenosine which accepts the activated amino acid presumably
binds at or near the adenosine site that was formerly occupied
by the ATP. The binding of the tRNA to the enzyme alters the
reactivity of the aminoacyl-adenylate toward a number of com-
pounds. In the cases studied, the intermediate readily reacts
with ATP to form diadenosine tetraphosphate (APPPPA), with
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PP to form ATP, or with water to form AMP and free amino
acid, and with hydroxylamine to form hydroxamate. In many
cases studied, tRNA is essential or very stimulatory for these
reactions.

Several authors have suggested that sulfhydryl groups may
be important in the formation of a thioester intermediate during
the transfer reaction (71, 81). Boyko and Fraser, studying rat
liver glycyl-tRNA synthetase, postulated a mechanism whereby
presumably the aminoacyl-adenylate reacts with an -SH group
on the enzyme to form a bound thioester, with the concomitant
release of AMP. The specific tRNA then interacts with tha
thioester forming the aminoacyl-tRNA. The experimental evi-
dence does not support this suggestion since no AMP-ATP
exchange is observed in the absence of tRNA. This is also
true for other synthetases, that is, coenzyme A is required for
AMP-ATP exchange with luciferase (45) and acetyl-coenzyme
A synthetase (8). It is, however, possible that the tRNA inter-
acts with the enzyme-aminoacyl-adenylate complex inducing a
thioester formation as indicated above.
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nosine triphosphate) is added to the re-
action mixture. An important observa-
tion is that dATP (deoxyadenosine tri-
phosphate) can substitute for ATP in
the aminoacylation reaction. The sug-
gestion is made that these dinucleoside
tetraphosphates may be an important
reservoir of nucleoside triphosphate for
the synthesis of other macromolecules
such as RNA and DNA. It would be
of interest to determine whether water
(hydrolase activity) competes at all with

ATP in the splitting of lysyl-adenylate..

That the terminal pyrophosphate struc-
ture is needed suggests, in effect, that
it competes for the pyrophosphate rec-
ognition site. Adenylic acid apparently
is inactive, since no diadenosine diphos-
phate is formed.

Biotin and Lipoic Acid Synthetases

The enzymes which activate biotin

and lipoic acid have been studied ex-

tensively by several groups (74). These
enzymes characteristically catalyze the
formation of the acyl-adenylates as the
initial step in the incorporation of bio-
tin and lipoic acid into protein. How-
ever, the transfer step is unusual in
that the acyl-adenylate interacts directly
with a particular amino group on the
apoenzyme, resulting in the formation
of the holoenzyme. Coon et al. have
isolated a biotin synthetase from pig
liver and from bacteria, which is not
the same as the enzyme isolated by
Lynen et al. (see 74) since it will not
catalyze the formation of propionyl co-
enzyme A holocarboxylase. Instead,
this synthetase activates biotin to form
biotinyl-adenylate, and then causes its
transfer to coenzyme A to form bio-
tinyl coenzyme A, a reaction similar
to those described for luciferase.

All of the above enzymes have a
specific requirement for ATP and
Mg++, and are capable of catalyzing
either an ATP-dependent P-P exchange
or hydroxamate formation. They,
therefore, have similar properties to all
previously described synthetases.

Conformational Changes of

Luciferase During Catalysis

Conformational changes of an en-
zyme accompanying the binding of sub-
strates are an important aspect of en-
zyme catalysis. We have cited examples
of altered reactivity of acyl-adenylate
synthetases in the presence of various
substrates or analogs.
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Table 1. Optical rotation parameters of luciferase in the presence and absence of substrates®.

225 my, 193 my
b %
° helix 4 % 4 %
helix helix
Native —235% 37 —795 38 762 42
Native - substrates — 90* 14 —352 15 272 28

* A value of —630 was used for 100-percent helix. The data presented are based on dispersion

measurements in the region 600 to 300 my.

Generally, the Michaelis-Menten
constant (K,,) for both ATP and acyl
compounds is higher for the overall
reaction from activation through the
transfer than for the formation of en-
zyme-bound acyl-adenylate as meas-
ured by the PP-ATP exchange (5, 50).
In addition, the presence of an ac-
ceptor molecule influences the activa-
tion reaction, possibly by altering the
conformation of the enzyme.

Such studies provide indirect evidence
of possible conformational changes of
the enzyme during catalysis. The syn-
thetases constitute a class of proteins
with an unusually high affinity for the
acyl-adenylate intermediate. It might
be suggested that this tight binding of
the acyl-adenylate to the enzyme is the
result of an induced folding of a por-
tion of protein around the substrate,
thus excluding the water molecules or
other nucleophiles from - direct con-
tact with the bound substrate. One
sensitive method for detecting such a
“folding” is to measure the rates of
tritium-hydrogen exchange of the en-
zyme in the presence and absence of
substrates (75). In small molecules, such
as amino acids, the hydrogens attached
to oxygen, nitrogen, or sulfur exchange
readily with the hydrogens of water.
In macromolecules such as proteins,
the rates of exchange of hydrogens are
often much slower. These rates appear
to be a function of the local environ-
ment of the hydrogen within the macro-
molecules, of the pH and of the tem-
perature. Under specified conditions,
the total number of exchanging hydro-
gens can be resolved into classes of
definite size and with a specific rate of
exchange. These properties are char-
acteristic of the specific macromole-
cule, and they reflect the time the en-
zyme spends in an exchanging con-
figuration.

The rates of hydrogen-tritium ex-
change have been measured for lucif-
erase in the presence and absence of
ATP and L (76). The results (Fig. 6)
demonstrate a large difference in the
exchange rates in the presence of sub-
strate. This reflects a large change in
the structure of the protein. If these

nonexchanging hydrogens are amide hy-
drogens, an estimated 39 percent of the
protein becomes inaccessible to water
in the presence of substrates.

Another method of determining
changes in macromolecules is the meas-
urement of the optical rotatory disper-
sion spectra (77). Through the appro-
priate analyses of such spectra it is
possible, in some cases, to obtain an
estimate of how much of the protein
molecule has the g-helical structure,
The data obtained for luciferase in the
presence and absence of substrates
are given in Table 1. If these analyses
of the spectra are a true reflection of
the helical content, the figures show
that in the native enzyme there is-37
to 40 percent helix (78). The addition
of substrates results in a marked de-
crease of the apparent helical content
to about 14 percent. This is in agree-
ment with the exchange data and
shows that large structural changes of
the enzyme occur during catalysis. Al-
though a detailed interpretation is not
possible, these experiments represent
the only direct evidence for such
changes in synthetases.

Additional indirect data suggesting
large changes in conformation come
from observations on the thermal in-
activation of luciferase in the presence
and absence ‘of substrate. The results
presented in Table 2 demonstrate that
the free energy of activation (AF}) is
increased in the presence of the sub-
strate; that is, there is substrate protec-
tion against thermal inactivation. The
changes in heat of activation (AHY)
and in entropy of activation (AS}) are
remarkably different. Even though the
AF% in the presence of substrate is

Table 2. Thermal inactivation of luciferase
and pyrophosphatase.

AF%
Hi
(42°c) A ASE
Agent (cal/ r(rfg} / ) (e.u.)
mole) e
Luciferase 20,000 103,000 262
Luciferase
+ L 4+ ATP 22,700 46,300 75
Pyrophosphatase 18,000 57,400 125
Pyrophosphatase
- PP 20,000 124,000 316
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increased, it is evident that the ASH
is greatly reduced (262 to 75). Al-
though a quantitative interpretation is
not possible, it is evident that we are
dealing with a different form of the
enzyme in the presence of substrate
and that the path of thermal inactiva-
tion has been significantly altered. We
believe that these changes in the ther-
modynamic properties of thermal in-
activation are due to the large con-
formational alterations in the enzyme
induced by the substrates. The changes
are quite different for the thermal in-
activation of inorganic pyrophosphatase
in the presence and absence of sub-
strate, which could imply a different
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type of conformational change when the
substrate combines with this enzyme.
The large conformational changes
which occur in luciferase in the pres-
ence of substrate are of interest when
we consider the role of sulfhydryl
groups in catalysis. We have shown
previously that the presence of sub-
strates prevents the reaction of two
sulfhydryl groups in luciferase from
reacting with sulfhydryl reagents. The
two  substrate-protected  sulfhydryl
groups in luciferase have been shown
to be essential for enzymatic activity.
Examination of the two sulfhydryl
groups covered by substrate led to the
isolation of a single decapeptide con-

(

LUCIFERASE
+
SUBSTRATES

\

HOURS

Fig. 6. Tritium-hydrogen exchange of luciferase in the presence and absence of
substrates. The luciferase was tritiated for 12 hours at 4°C, pH 7.0. Tritium exchange
was followed as a function of time. The number of exchangeable hydrogens per mole-
cule of luciferase are plotted on the ordinate. A and A, Duplicate experiments with
native luciferase; O and [, duplicate experiments with native luciferase in the presence
of dehydroluciferin (L) and ATP; @, experiment performed with a luciferase of lower
specific activity; X, a luciferase made catalytically inactive by titrating the SH groups

with DTNB.
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taining one sulfhydryl group where two
different peptides might have been ex-
pected (24). Since two subunits had pre-
viously been demonstrated, the results
suggest that mutual cooperation of two
cysteinyl residues from apparently iden-
tical monomers in forming at least part
of the active site of luciferase. How-
ever, in view of the large conforma-
tional changes that occur during cataly-
sis it is possible that the two substrate-
protected  sulfhydryl groups are
“buried” in the nonaqueous structure
of the enzyme and are therefore unre-
active. If this explanation is correct,
these sulfhydryls may not be part of
the active site. Even so, in view of
the similarities in amino acid composi-
tion of the synthetases, it would still
be of interest to compare the amino
acid sequence in the vicinity of the
critical sulfhydryl residues in these
enzymes.

In all of these studies that indicate
large conformational changes, we have
not observed the dissociation of lucif-
erase into its two subunits. Only in the
presence of high concentrations of urea
or guanidine hydrochloride does lucif-
erase dissociate into two equal subunits.

Homosterism

The results of numerous investiga-
tions on luciferase and other acyl-
adenylate synthetases indicate that
large conformational changes occur in
the protein when the specific substrates
combine at the active site. In addition,
the reactivity of the enzyme-bound acyl-
adenylates is greatly altered when a sec-
ond substrate or normal ligand is bound
at the catalytic center. 4

For example, enzyme-bound dehy-
droluciferyl-adenylate does not readily
react with coenzyme A wunless ATP
is added. In the absence of coenzyme A,
ATP alters the luciferase structure in
such a way that water can readily react
with L-AMP, thus hydrolyzing it to
free L and AMP. The net effect is
that luciferase becomes a hydrolyase
for the continued breakdown of ATP
into AMP and inorganic pyrophos-
phate.

We propose the term homosterism
to describe those cases in which a nor-
mal substrate or structurally similar
compound combines at the catalytic site
of the enzyme and leads to a modifica-
tion of the reaction of the bound in-
termediate. This is distinguished from
allosterism where the modifier molecule
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combines at a site other than the cataly-
tic center (79). It is also different from
the induced fit concept of Koshland (80)
in that we are proposing that it is the
enzyme bound intermediate whose re-
activity is altered by its interaction with
a second ligand. It is evident from the
data discussed that the initial reaction
of the enzyme with the substrate mole-
cules may involve an induced fit mecha-
nism as judged by the large con-
formational changes that take place.
However, a homosteric transition occurs
when another substrate molecule inter-
acts with the enzyme-bound acyl-adeny-
late.

In addition to the hydrolase proper-
ties of luciferase, which are induced
by ATP, we suggest that the change
in the color of light emitted, when the
ATP isomer mentioned earlier is used
instead of ATP, is another example of
a homosteric effect of a ligand. Numer-
ous studies on the aminoacyl-adenylate
synthetases indicate that tRNA induces
a homosteric transition in these en-
zymes, thus altering the reactivity of the
bound aminoacyl-adenylate. For ex-
ample, the studies of Norris and Berg
indicate that isoleucine tRNA alters the
corresponding synthetase in a way that
bound valyl-adenylate is rapidly
hydrolyzed.

In addition, Loftfield and Eigner
(62) demonstrated that tRNA increased
the reactivity of the aminoacyl-adenylate
to hydroxylamine. They suggest that
the tRNA induces an allosteric con-
formational change; however, we pro-
pose that this is an example of a
homosteric effect, since it is the com-
bination of a normal substrate molecule
at the catalytic center. Hele and as-
sociates have observed similar effects of
tRNA on the pyrophosphate exchange
reaction.

Zamecnik, Randerath, and associates
have shown that tRNA will greatly
stimulate the reaction of ATP with en-
zyme-bound lysyl-adenylate to form
diadenosine tetraphosphate. The arginyl-
and glutamyl-tRNA synthetases show
an absolute requirement for a homosteric
transition in that tRNA is essential for
the formation of the aminoacyl-adenyl-
ate.

In all cases cited above, the results
suggest a homosteric rather than an
allosteric effect. We suggest that the
homosteric transition brought about by
natural substrates acting at the catalytic
site is important in regulating the
specificity and reactivity of enzyme-
bound acyl-adenylates,
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Creative Tensions in the
Research and Development Climate

Technical achievement of scientists and engineers
was high under conditions that seemed antithetical.

What kinds of climate in research
and development organizations are con-
ducive to technical accomplishment?
What is the optimum degree of freedom
versus coordination? of pure research
versus practical development? of isola-
tion versus communication? of speciali-
zation versus diversification?

To find some answers, my colleagues
and I studied 1300 scientists and engi-
neers in 11 research and develop-
ment laboratories. Since the answers
in different kinds of settings might vary,
we included five industrial laboratories,
five government laboratories, and seven
departments in a major university.
Their objectives ranged from basic re-
search to product development.

Among the findings appeared a num-
ber of apparent inconsistencies. The
optimum climate was not necessarily
some compromise between extremes.
Rather, achievement often flourished in
the presence of factors that seemed
antithetical.

Some examples are given below and
summarized in Table 1 (7). As we pon-
dered these findings, it seemed pos-
sible to fit many of them under two
broad headings. On the one hand, tech-
nical men were effective when faced
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University of Michigan’s Institute for Social Re-
search,
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with some demand from the environ-
ment—when their associates held di-
vergent viewpoints or the laboratory cli-
mate required disruption of established
patterns. These might be called condi-
tions of challenge.

On the other hand, technical men
also performed well when they had
some protection from environmental
demands. Factors such as freedom, in-
fluence, or specialization offer the scien-
tist stability and continuity in his work
—conditions of security.

It seemed reasonable to say that the
scientists and engineers of our study
were more effective when they experi-
enced a ‘“creative tension” between
sources of stability or security on the
one hand and sources of disruption or
challenge on the other. The term was
suggested by T. S. Kuhn in a paper

entitled “The essential tension: tradi-
tion and innovation in scientific re-
search” (2).

Necessity is said to be the mother
of invention, but our data suggest that
invention (technical achievement) has
more than one parent. Necessity might
better be called the father—since neces-
sity is one form of challenge, a mascu-
line component. The role of mother is,
rather, some source of security. When
both are present, the creative tension
between them can generate scientific
achievement.
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Methods

The findings were not obtained by
polling scientists concerning what cli-
mate they preferred. Rather, we ob-
tained measures of each man’s scien-
tific performance, including his scien-
tific or technical contribution to his
field of knowledge in the past 5 years,
as judged by panels of his colleagues;
his overall usefulness to the organiza-
tion, through either research or adminis-
tration, also as judged by his colleagues;
the number of professional papers he
had published in the past 5 years (or,
in the case of an engineer, the number
of his patents or patent applications);
and the number of his unpublished re-
ports in the same period.

The performance measures were
modified in several ways. Since dis-
tributions of papers, patents, and re-
ports were skewed, a logarithmic trans-
formation was applied to normalize
them. Systematic variations with level
of education, length of working experi-
ence, time in the organization, and type
of institution were removed by adding
constants so as to equalize the means.
Each scientist, that is, was scored rela-
tive to others with similar background.

Characteristics of the climate were
obtained on a carefully tested question-
naire. The two sets of data (on per-
formance and on climate) were analyzed
to find those conditions under which
scientists actually performed at a higher
or lower level.

Since optimum conditions might dif-
fer in different settings, all analyses
were replicated within five subcatego-
ries: Ph.D.’s in research-oriented labo-
ratories; Ph.D.’s in development-oriented
laboratories; non-Ph.D.’s in research-
oriented and in development-oriented
laboratories (for convenience the latter
have been called “engineers”); and non-
Ph.D.’s in laboratories where 40 per-
cent or more of the staff members held
a doctoral degree (because of the limit-
ed influence and promotional oppor-
tunity of these non-Ph.D.’s we have
called them “assistant scientists™).
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