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efficiency." "This level-90 dB-is not at all unusual 
in industry, but it is very much higher than the level 
which people often complain about in offices and other 
places away from the factory floor." As is common 
experience, undue noise makes normal conversation impos
sible; it is in fact difficult unless the noise is redueed well 
below the 90-dB level. 60 dB is considered a more reason
able level, but in an office environment, where ordinary 
speech is involved, the limits of noise should be much lower. 

The question of noise in all its aspects, but particularly 
as a hazard in industry, is now a matter of national 
importance. It is indeed gratifying to learn that the 
Ministry of Pensions and National Insurance has sponsored 
a large-scale research project into certain aspects of occu
pational deafness. This is the joint problem of the 
M('dical Research Council and t.he National Physical 

Laboratory. "The purpose of this study is to monitor 
hearing of people exposed to industrial noise . . . to 
establish t.he relation between noise and damage to hear
ing ... to make recommendations concClning hearing-· 
conversation measures." When it is commonly r0l1lizfld 
that effects of prolonged noise, in whatever environment" 
above a ccrtain level, are real, and provocativc of perman
ent deafness, then people may begin to take t.hose pre
cautions which common scnse (and t.his booklet) suggest. 
Apart from this, undue and tmwanted noise, especially 
when it intrudes into social life, public or private, wit,hout, 
let or hindrance, is a form of annoyance which many 
people will not tolerate. The recent ban on transistor radio 
sets operating in some of Britain's royal parks is a st,ep 
in the right direction. but only a beginning. 

H. B. MILNER 

THE LISTER INSTITUTE 

T HE annual report of the Governing Body of the Lister 
Institute * is necessarily a greatly condensed accolmt 

of the varied activities of 'The Lister', and it is impossible 
to indicate in a brief notice the scope and detail of the 
research involved. The report summarizes the Institute's 
work under several headings. 

In the field of microbiology, work continues on the 
genetics of bacteria, particularly Salmonella spp., with 
special regard to the transmission of drug l'esistance; on 
the specificity of the antigens of Trypanosoma b1"'lkcei and 
T. vivax, and on the conditions governing the formation of 
capsules by the anthrax bacillus 1:n vitro. The Institute's 
field studies on trachoma in the Gambia continue, together 
with work on the epidemiology and pat,hology of pleuro
pneumonia-like organisms and of the Shope fibroma virus 
in cell culture. There has been continued progress in 
making a non-infectious smallpox vaccine and in work on 
the pmification of vaccinia virus and antibody immunity 
in vaccinia and variola infections. 

Among the epidemiological studies was an important 
investigation, carried out in co-operation with the Malaria 
Eradication Division of the \Vorld Health Organization 
n.nd the Veterinary Services of Southern Rhodesia, of 
identification tests of the blood meals of tsetse flies n.nd 
Anopheles mosquitoes. 

Immunopathological invostigations are b0ing carried out 
on a fact.or in anaphylactic tissnes which induces eosino
philia; on the local production in the cervix uteri of anti
bodies Jothal to spermatozoa, and on improv0ment of 
therapeutic antitoxins to scorpion bites. 

T, brucei, which had not bcen previously cultured for any 
prolongcd period, has b0en successfully established in a 
liquid medium which makes it available for immunological 
and biochemical studies . Other work includes invostiga
tions of the immunology of Whooping cough and typhoid 
and the m echanism of infection with actinomycotic 
dermatitis of sheep. The section devoted to the physiology 

• 'llll'" L,istel' 1 nstitute q( PJ'e/}en,til_IB Medicine. R~port. of the Governing 
l~()(ly, 1964. I'p. :37. (London: The Uster Institute of Pr"ventive Jlfedicine, 
JOfl4 .) 

of bacteria includes studies of the somat.ic polysaccha,rides 
of S. and R. Salmonella and the chemist.ry of t.he flagellar 
proteins of Salmonella. 

Biophysical work includes work on human plasmi~ 
proteins and on the molecular charact.erizat.ions of blood
group substanccs. The laUor has led to extension and 
modification of existing theories for interpreting sedimen
tation and viscosity data. The Blood Product.s Laboratory 
continued to prepare dried plasma and plasma fractions 
for the National Health Service, and the Blood Group 
Research Unit has continued to study t,he Xg and the Rh 
systems. The Blood Group H(~ference Laboratory COll
tinues its work in its now building north of the Biophy,;;ies 
Department. 

The report records the conferment of H baronotcy on 
tho chairman of the Institute's Governing Body, Sir 
Charles Dodds, and tho elections of Lord IVl'agh and Lord 
Brain, both members of tho Governing Body, to fellowship 
of the Royal Socict.y. The death during the ycar of 
R. Rt,. John Brooks, curator foJ' more than 20 ycars of tho 
National Collection of Type Cultures, is a great loss t.o the 
Institute and to microbiology in genel'i\l. The director of 
the Institute, Prof. A. A. Miles, has been appointed 
Biological Sccrct.ary and a vice-presid~'nt of the Royal 
Society of London. During tho year the Guinness ehair of 
microbiology was established at the Institute and Dr. 
B. A. D. Stocker was appointed to it. 

A gift of £30,000 from the Fleming Memorial Fund for 
M0dical Research will enable tht"l Institute to establish its 
('wn dechon-mieroscope unit. The Jlew Virlls Laboratory 
at '/<~Istree was completed during the yem' and occupied 
by t,hc Virus Research Unit, and the Libra ry at Chelsea 
was enlarged by the addition of anot.her room. 

The report a.lso records the lectures given by the staff 
in Europe and America, and concludes with a list of their 
numerous publications. 

For details of the biochemical work on blood-group 
substances, eellular phospholipids and glycogen the report 
itself must. be consulted. G. LAPAGE 

MOUSE ANTIBODY PRODUCTION TEST FOR THE ASSAY OF THE 
MOLONEY VIRUS 

By DR. EVA KLEIN and PROF_ GEORGE KLEIN 
Department of Tumour Biology. Karolinska Institutet Medical School. Stockholm 

I NOCULATION of homografts, sub-threshold isografts 
or tissue homogenat.es derived from mouse lymphomas 

induced by the Moloney virus leads to specific transplanta
tion re!liRtanCf) against snb!lcqncnt Moloney lymphoma 

isografts l . The serum of resistant mice conta.ins humoral 
antibodies, demonstrable in three different ways: by 
passive transfer of transplantation )'€sistance, by cyto
toxieity for Moloney lyrnphoma eells in v'itm in the 



©          Nature Publishing Group1964

340 NATURE October 24, 1964 VOL. 204 

1'0 • 
• • ••• • • • 

0'8 .0' · • >< • • • • " "" • 00 • • • <: • • 
~ 0'6 ". • • • 
~ 

• , • • • 
~ • • • • 
§ 0'4 • • • 
~ · • • • 

0'2 • • 
• • 

0'2 0'4 0'6 0'8 1'0 
Cytotoxic index 

Fig. 1. Correlation between the cytotoxic and the fluorescent Index 
given by Y AC target cells exposed to different antisera. Only such teRts 
are included where both tests were performed simultaneously with the 
same sample of target cells. Correlation data: r = 0'61, P < 0'001, Z = 

1'0 

10 

0'62,0.-0'12, P<O'OOl 

A 

18 26 

.' 
I 

#',' 
I I 

• I 
,II 

I I 
• I .'1 

,I I 
- I 

/ 
-' 

34 42 50 
Days after inoculation 

10 

B 

I 
I 

I 
I 

I 
I 

I 
I 

I 

,. ... ""---

_._._._.J 
18 26 34 42 

Days after inoculation 
50 

Fig. 2. Antibody response of Ax C57Bl F, mice after the inoculation of 
5 x 10' irradiated Moloney lymphoma cells, detected by the fluorescent 
method. A, --, Y ACsixth transfer; -.-.-.-, Y AC eighteenth transfer; 
- - - - - -, Y AC twenty-first transfer; ...... , YDAB first transfer-
Target cells Y LD. B, --, Y AA sixth transfer; -.-.-.- , Y AA twenty-

first transfer; - - - - -, YllA eighth transfer-Target cells Y AA 

presence of complement, and by the indirect fluorescent 
antibody reaction. 

The detection, identification and quantitative titration 
of mouse leukemia viruses have been largely dependent on 
biological induction tests. The difficulties encountered 
with the leukromia viruses contrast sharply against the 
relative ease of virus assay in systems where suitable 
in vitro techniques are available, such as, for example, in 
the case of polyoma. Since humoral antibodies have been 
demonstrated in the Moloney system by the methods 
mentioned here, it should be possible to develop a mouse 
antibody production (MAP) test for virus assay. The 
usefulness of such tests has been demonstrated, for 
example, in the polyoma system', and the sensitivity was 
comparable with the plaque assay3. So long 
as tho formation of the antibodies reacting 
with the target cells in the cytotoxic or the 
indirect fluorescent antibody test is induced 
by the virus, it is immaterial whether they are 
antiviral in nature or directed against virus
induced new cellular antigens, a question 
that has not been clarified for this system 
so farl. 

The work recorded here represents an 
attempt to examine the feasibility of working 
out a MAP test of this type for the assay of 
the Moloney lymphoma agent. 

Sera of mice inoculated with materials to 
be assayed for their ability to induce specific 
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YDAB of A x DBA F1origin, YHA of 03H origin, and 
YLD of 057 leaden origin in a number of cases. The pro
portion of target cells killed in the cytotoxic test or stained 
in the indirect fluorescent test was expressed as a quantita
tive index in relation to corresponding controls incubated 
with control serum, as described in a previous publication 1. 

Cytotoxic indexes ;;;0'2 and fluorescent index€'~ ;;;0'3 
were regarded as positive. When the two types of tests 
were performed under standardized conditions, the cyto
toxic and the fluorescent index increased as a function 
of time after the inoculation of virus-containing material. 
The scatter diagram in Fig. 1 shows the correlation between 
the cytotoxic and the fluorescent index obtained by expos
ing the same target cells to the same immune serum and 
indicates that the fluorescent method was more sensitive. 
A similar relationship was found when the titres given by 
the two methods were eompared. For example, one serum 
that gave a cytotoxic titre of I : 20 against Y AO had a 
1 : 320 titre in the fluorescent test. Furthermore, while all 
Moloney lymphomas tested were suitable targets in the 
fluorescent test, some were not sensitive to the cytotoxic 
effect. The sensitivity of a given leukromia varied only 
slightly between different cell pools in the fluorescent test, 
while the cytotoxic reaction was more variable. Critical 
comparisons between different sera of a given experimental 
series were always performed on the same cell suspension 
and at the same time. Apart from this relativdy minor, 
uncontrollable variation, rcpeat tests with a given set 
of sera, a given target cell type, and a standard fluores
cent serum or complement, resp., gave reproduciblo 
overall results in the fluorescent and the cytotoxic test 
as well. 

Antibody response. The antibody response following the 
inoculation of a standard dose of X-irradiated Moloney 
lymphoma cells was determined for different lymphoma 
lines. The cells received 6,000 r. in vitro in order to 
prevent their proliferation in vivo which would bias the 
quantitation of the inoculum. Some typical experiments 
are shown in Fig. 2. In each group, 3 A x 057Bl Fl male 
mice were inocula.ted with 5 x 10' irradiated cells. At 
different intervals, serum was collected and pooled from 
all three mice in each group and tested against Moloney 
ta.rget cells. Fig. 2A shows the antibody response by the 
fluorescence test after the inoculation of Y AO cells from 
different passages and YDAB cells of the first passage, 
while Fig. 2B represents the reaction induced by YHA 
and Y AA cells respectively. It appears that the time
period preceding the appearance of detectable antibody 
showed certain differences between the different lymphoma 
lines. Potent antibodies appeared earlier after the inocula
tion of YHA and YDAB (20-28 days) than after differcnt 
transfer generations of Y AA and Y AO which were quite 
similar to each other, with antibodies appearing aftcr 
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antibody formation were tested each week 
by the indirect fluorescent antibody method 
and, in a number of cases, by the cytotoxic 
technique as weIll. Moloney lymphomas 
were used as targot colIs; Y AO of strain 
A origin most frequently (4th-20th passage 
in ascites form), YAA of strain A origin, 

Fig. 3. Antibody response of C3H x C57111 F, mice after the inoculation of virus con· 
taining homogenate, as detected by immunofluorescence. In four different experiments 
0·1 m!. of 10-' or 10-' diluted homogenate was Inoculated on day O. In exps. 2, 3, 4 the 
same virus preparation was used (of Ax DBA F, origin). In expo 1 a different virus 
preparation was used of C571eaden origin. The mean value of the fluorescent indexes for 
a given virus dilution was calculated for 5 days' intervals for dilutions 10-' and 10-'. In 
addition, dilutions 10-', 10-' and 10-' have been included in expo 1. These are shown in 
the right. Symbols: Circles, 10-'; quadrangles, 10-'; crosses, 10-'; open triangles, 10-

closed triangles, 10-'. Different shadings represent different experiments 
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}'ig. 4. Antibody response of groups of 3 C3ll x C57 Bl Fl females, 
inoculated on day 0 with a st>mdard virus containing homogenate 
(dilution: 10-1 ) . The serum pools were tested with Y AC target cells. 
--. no ""rum admixture ; - - - - - • admixture of serum of untreated 
C57Bi x J)BA/2 Fl mice; -.-.-.-.- , admixture of serum of Ax C5. Bl 1<\ 
mice immunized with Y AA Moloney lymphoma cells. A, cytotoxicity 

of serum pools in the prescnce of complement. B. fluorescent staining 

35- 42 days. A fifth lymphoma, YLD, not shown in the 
figures, behaved similarly to Y AO and Y AA. In order to 
examine the persistence of antibodies, mice inoculated with 
the same standard dose of irradiated cells from the five 
different lymphomas were also tested after 103-123 days. 
A high fluorescent index (range: 0·57-0·85) was found to 
persist in each case_ 

The maintcnance of a high antibody-level during long 
periods of time after the inoculation of a single standard 
dose of irradiated, non-reproductive cells can be best 
interpreted by assuming that virus release and subsequent 
virus multiplication are responsible for the induction and 
persistence of antibodies. On this interpretation, all five 
tumour lines tested release virus, including those that 
have been carried through 1.8- 22 passages, and two lines 
(YHA and Y DAB) release larger quantities than the rest. 

If the foregoing postulate is correct, inactivation of the 
virus should prevent antibody formation. This was tested 
by inoculating 5 x 10· cells of the YHA and YLD lines 
after they had been exposed to hydroxylamine' in order 
t o inactivate the virus. The cell suspensions were mixed 
with equal volumes of 4 M hydroxylamine (pH 7) and 
incubated at 22° C for 1.5 min. The material was diluted 
1 : 5 with phosphate buffered saline and dialysed against 
saline for 24 h_ After inoculation, serwn was collected 
a fter 7, 14, 30 and 75 days. There was no measurable 
antibody response. 

Whether the antibodies detected are induced directly by 
the multiplying virus particles released by the tumour 
cells or by new cellular antigen(s) induced by the virus 
infection in the host cells cannot be decided on the basis 
of the present evidence. 

The antibody response induced b y different concentra
tions of the same virus preparation, preserved in the frozen 
state, was compared by the fluorescence test. Lymph 
nodes, spleen and liver of an A x DBA F 1 mouse with 
a primary Moloney lymphoma were homogenized in a 
glass homogenizer in 10 voL of phosphate buffer and 
centrifuged for 20 min at 2,300g. The supernatant was 
centrifuged at 10,000g for 20 min and 0·1 vol. of the final 
supernatant were inoculated in 10-1 and 10-2 dilutions to 
each of 3 057 x 03H F 1 females. Three experiments were 
p erformed with the same virus pooL In a fourth experi
m ent another homogenate, prepared from a primary 
lymphoma, induced in a 057 leaden mouse, was inoculated 
in 10-1, 10-2, 1.0-3, 10-' and 10-' dilutions. The pooled sera 
of the three mice in each experimental group were t ested 
against Moloney target cells by the fluorescent method at 
different times after inoculation. The serum samples of 
each experimental series were t ested on two or three dif
ferent occasions against different samples of target c~lls. 
The mean fluorescent index was calculated for each dilu
tion and each point of time. After the inoculation of 
0·1 m!. I: 10 diluted virus, antibodies were detectable 

after 3 weeks (Fig. 3). A ten-fold dilution of the inoculated 
virus delayed the response by approximately 10 days. 

Neutralization tests_ Experiments were also made in 
order to detect virus neutralizing antibodies in the serum 
of resistant mice by t esting the effect of serum on the 
immunogenic ability of virus-containing homogenates. A 
standard homogenate was diluted 10 and 100 times and 
O' L-mL voL were inoculated to groups of 3 oaH x 057Bl 
E\ females either alone, or after the admixture of 0·05-m!. 
serum. The serum has been derived from untreated 
057Bl x DBAj2 F1 mice or from a pool collected from 
16 A x 057B l E\ mice immunized 6-1.0 times with 10' or 
106 viable Moloney lymphoma cells of stmin A origin 
(lymphoma Y AA). Specific antibodies against Moloney 
lymphoma cells could be d emonstrated in this anti
serum pool b y the cytotoxic and the fluorescent test as 
well. The virus-serum mixtures and the untreated homo
genates were incubated at room temperature for 30 min 
before inoculation. Antibody formation is shown in Figs. 
4A and 4B. The immlme serum neutralized the immlillo
genicity of the virus-containing homogenates . Comparison 
wit h the immunogenicity of different dilutions of the same 
standard homogenate indicates at least a hundred-fold 
n eutralization_ .Analogous findings were obtained after 
the inoculation of the higher virus dilution. Aftor the 
admixture of immune serum there was complete inhibition 
of antibody formation during the entire observation period 
of 66 days. The virus-neutralizing ability of anti-Moloney 
sera was also evident when oncogenic activity was used as 
t est criterion. In this experiment new-born A x DBA j2 Fl 
mice were inoculated with 0·05-m!. virus containing homo
genate each, mixed with 0-025-ml. serum_ The results are 
shown in Ta ble 1 indicating a clear-cut neutralizing effect. 

Table 1. Leukreml:l induction in A )( J)BA Fl mice inoculated as new-borns 
( < 24 h) with viru" preparation treated with serum from mice inoculated with 

Moloney leukremia cells. Observation period 9 months 

Dilution 
of virus 

Virus preparation mixed with 
Control serum Immnne serum 

Latency Latency 
Inciuence' period (da ys) Incidence ' pcriod (days) 

10-' 
10-' 

10-' 

2/7 155, 192 1/23 226 
8/23 136, 210 0/22 

208,214 
214,218 
218,234 

3/17 207. 234 0/16 
239 

• Pooled sorum from 15 A )( DBA F, mice which rceeived 5-8 inoculations 
of Y AA Moloney leukremia cclls. 

A number of other sera were also tested in the same way 
for a possible neutmlizing effect_ Results obtained with 
the 1 : 1.00 dilution series are exemplified in Table 2. Only 
the sera of mice resistant against Moloney lymphoma cells 
were able to neutralize the immunogenic effect of the 
inoculum, while anti-Gross, anti-60:3HED and anti
polyoma sera had no detectable effect. This is in accor-

T:.ble 2. Effect of different antisera on the immunogenicit¥ of Moloney
virus contaiuing homogcnates, a s tested by the fluorescent antibody method. 
Three C3H x C57Bl Fl mice were inoculated with the serum-homogenate 

mixture in cach group 

Donor of serum admixed to homogenate Fluorescent index 
21 31 40 

Days after 
Genotype Pretreatment inoculation 

Exp. 1 C57Bl x 
0'35 0'55 leaden Fl 0·12 

C3H 3 inoculations of 10' Moloney 
lymphoma cells , line YHA 0·09 0'00 0'03 

C3Il 4 inoculations of 10' Gross Iym-
0·35 0'41 phoma cclls, line GIlA 0'00 

C3llx 11 inoculations of 10' 6C3H ED 
0'41 C57B/1<\ lymphoma cells 0·32 0·44 

C3ll Inoculation of poiyoma virus (Ill 
0·62 0'73 titrc of serum 1 : 1,840) 0'29 

Exp. 2 16 24 37 
Days after 
inoculation 

A.CA 0 0'07 0'68 
A .CA 10 Inoculations of livor , sIllccn. 

lymph nodes of A animals 
(hromaggl. titre: 1 : 10') 0 0 0'41 

A 6 inoculations of liver, splecn , 
lymph nodes of A.CA animals 
(hremaggl. titre: 1 : 64) 0 0'03 0'91 
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dance with the findings obtained with the same types of 
sera when tested directly against Moloney cells'. 

Tho virus homogenate derived from A x DBAj21", 
lymphoma was also treated with H-2 isoantiserum against 
the virus-donor cell genotype on the assumption that host 
ceH components may be incorporated into the coat of the 
virus particle. The results for the 10-2 dilution series are 
exemplified in Table 2, Exp. 2. There was no detectable 
n entralizing effect. 
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MECHANISM OF ENZYME CATALYSIS 

By PROF. GORDON G. HAMMES 
Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Mass. 

ALTHOUGH numerous detailed investigations of 
n enzymatic systems have been carried out, a basic 
understanding of enzyme catalysis is still lacking. In 
particular, two fundamental questions arc still un
answered: (1) Why are enzymes such efficient catalysts? 
(usually at least a factor of 10· better than the corre
sponding synthetic catalysts); (2) Why is a macromolecule 
required? The two questions, of course, are not unrolated 
and numerous speculations have boen made. Tho present 
belief is that the macromolecular conformation is all
important, although very few specific suggestions have 
boen put forth of a quantitative nature. The idea that 
conformation can control enzyme specificity is oasy to 
understand qualitatively and was embodied long ago in 
the 'lock and key' hypothesis of Emil Fischel". Several 
variations of the 'lock and key' idea are now in vogue. 
One school of thought believes that only a few side-chain 
groups aro really important, and that by bringing these 
critical groups together in a steroospecific fashion, efficient 
catalysis ensuos. A different variation on the same theme 
is embodied in the 'induced fit' theory put forth by 
Koshland" who suggests that the substrate induces 
changes in the protein conformation which aid in the sub
strate binding and catalysis. In this case the protein 
conformation changes in a dynamic manner throughout 
the course of the reaction. Eyring and Lumry3 have sug
gested that the protein may serve as a 'rack' which distorts 
tho critical substrate bonds thereby promoting catalysis. 
Unfortunately, none of these models can roally be tested 
experimentally in a critical fashion. In a few cases (for 
example, chymotrypsin') the available ovidence suggests 
that tho protein conformation does chango during the 
course of tho rdaction; however, this fact is consistent 
with virtually all present proposals concerning the 
mechanism of enzyme catalysis. 

The purpose oft.his article is to put forward some general 
ideas which might be of possiblo relevance in under
standing enzyme catalysis. 

In order to put the ideas presented in somo sort of 
framework, I shall use the-language of transition state 
t.heory and recall that tho ovorall standard free energy 
change for a given reaction is unaffected by the presonce of 
catalysiR. Obviously, this same statement is also valid 
concerning the standard enthalpy and entropy changes for 
a particular reaction. The catalyst, howevor, does signi
ficantly lower the standard free energy of a.ctivation since 
this quantity directly reflects the efficiency of the catalytic 
proc~ss. Let us now consider how the enthalpy and 
entropy of activation may be affected by an enzymr,. 
Both factors arc undoubtedly influenced by the catalytic 
process although present evidence suggests that entropic 
effects may prodominate. 

Enthalpy effects. Enzymes can bring about a lowering 
of tho activation enorgy in several ways. One of the most 
probable methods is a 'compensation' effect. By forming 
intermediate compounds the broaking of a bond can be 
f<tcilitated; a possible way of accomplishing thiR is by 

Table 1. EXAMPLES OF ENERG Y COMPENSATION IN ELEMENTA1\ Y G A~ 
PHASE REACTIONS' 

Reaction 
H.-+2H 
H,+I,-+2HI 
H,+CI-+HCI+H 
H, + Br-+ lIllr + H 
CI,-+2CI 
H+CI,-+HCl+CI 
Br,->2Br 
ll+Br,-+HBr+Br 
CH .. -+CH,+R 
CR, + C,H.-+CH. + C,H, 
H + C,B.-+C,H, + H, 

• Compiled froru ref. 5. 

Bond broken 
H-H 
H-H 
ll- H 
ll-H 
CI-Cl 
CI- Cl 
Rr-llr 
Br-Br 
C-lI 
C-H 
C- J! 

E.(kcal/mole) 
104'0 

40'7 
4'6-6'1 

17'6 
58'0 
2·4 

92'0 
0'9 

lOHJ 
10'4 

6·4 

simultaneously breaking and forming bonds. Several 
clear-cut examples of this phenomenon as found in 
elementary gas phase reactions are assembled in Table 1. 
For oxample, the activation energy for decomposition of 
H. by an inert body is greater than 100 kcal(mole, whilo 
that for the reaction H. + I ....... 2HI is about 40·7 kcalj 
mole. Thus the activation energy for the second reaction 
is smaller oven though an H2 bond is still broken in the 
overall process. In general, tho greater the energy in
volved in the bond formed, the more the activation energy 
is lowered. An analogous possibility for enzyme catalysis 
is that side-chain interactions such as H bonds, hydro
phobic bonds, etc., are involved in the formation of 
'compensating bonds'. A schematic representation of 
this idea is shown in Fig. 1. Such effects could involvo 
co-operative phenomena so that protein groups not 
directly at the active site could promote catalysis. Of 
course, we must ultimately pay for this by bre<tking thp 
side-chain bonds to get the catalyst back in its original 
state. However, such processes have small activation 
onergies so that overall the activation energy of the roac
tion would be lowered. For example, a hydrogon bond can 
be broken in about 10-9 sec·, solvil.tion structure can be 
altered in about this same time', and the helix-coil tranRi
tion in polyglutamic acid Qccurs in less than 10-· scc·. 
Anoth()r more obvious examplc of this type of compem;ll.
tion occurs whon part of the substrate molecule forms a, 

covalent intermediate with the onzyme (for oxamplp, 
chymotrypsin·, phosphoglucomutase'O, etc.). 

One of tho most commonly accepted ideas concerning 
the role of the onzyme in catalysis is that it rigidly hoJdf; 
the substratos in place so that proton or electron transfer 
can occur roadily. This is undoubtedly at least partially 
t.rll!'> and may bc predominantly an entropic effect. Row-

--
Fig. J 
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