
ments are aligned in all possible ways. For 
each alignment, a score is obtained by 
counting +1 for a match, -p for a mis-- 
match, and -6 for a letter inserted or de- 
leted (a  gap). 

For examnle. AGCACT and A G G T  
can be aligned as 

AGCACT 
A G - G - T  

to receive score S = 3 -p- 26. They can 
also be aligned as 

A G C A C T  
A G G T - -  

to receive score S = 2 - 2p - 26. The  score 
M,,,,(x,y), which is defined to be the maxi- 
mum of all the scores obtained for all pos- 
sible pairs of segments I and J, is then cal- 
culated by an algorithm whose computing 
time is proportional to the product of m 
and n. 

T o  calculate the probability of those 
large values of M,,,,(x,y) for which the simi- 
larity is significant, one has to know, at 
least approximately, the distribution of 
M,,,,,(x,y) under the assumption that x and 
y are unrelated. That is, the letters x,, ..., 
x,, y ,  ,... ,y, are independently chosen with 
the same distribution from the alphabet 
{A,C.G.TI. Karlin and Altschul 17) ob- , , , , 

iained approximations for the probabilities 
of large values of M,,,,(x,y) for the case 
6 = (that is, without gaps), assuming the 
expected score of tm7o letters to be negative. 
Arratia, Gordon, and Waterman (8) con- 
sidered the score M,,,(t), which is the 
maximum of the scores obtained by consid- 
ering only those pairs of segments I and J of 
a given length t,  for the case p = 0. They 
established approximations for M,,,,(t) un- 
der certain mild conditions by the method 
of Poisson approximation. 

The set of all values of the parameters 
(p,6) can be divided into tm7o regions, S, 
and S2, such that for m = n, the growth of 
M,,,,(x,y ) is proportional to rz in S, and the 
growth of M,,,(x,y) is proportional to log n 
in S2. The  cases considered by Karlin and 
Altschul (7) and Arratia, Gordon, and 
Waterman (8) are in the logarjthmic re- 
gion. The  work of the latter (8)  has pro- 
vided a basis for Waterman and Vingron 
(9) to use the Poisson clumping heuristic of 
Aldous (1 0) to calculate the probabilities 
of large values of M,,,,(x,y) in the entire 
logarithmic region. 

Let us see how the method of Poisson 
approximation is applied in the problem of 
Arratia, Gordon, and Waterman (8). Be- 
cause rn = 0, the score for each  air of the 
segmekts I and J of a given lenGh t is just 
the number of matches. Let s be a given 
positive integer. Associate an event with 

each pair of I and J. If the score is at least s 
for a particular pair of I and J, m7e say that 
the associated event occurs. The number of 
events that occur, sav. U is the number of 
those scores which ar; at least s. Therefore, 
P[M,,,,(t) < s] = P(U = 0). 

W e  would have been done if the distri- 
bution of U was approximately Poisson with 
mean, say, h'. For then, we would have had 
P[M,,,,,(t) t s] = 1 - P(U = 0) = 1 - e-'. 
However, this is not the case. The  events 
associated with the 1's and the J's occur in 
clumps. By the Poisson clumping heuristic 
of Aldous ( l o ) ,  it is the number of clumps 
that is expected to have approximately the 
Poisson distribution. So we declump and 
modify the events so as to obtain events 
which are associated with the clumps. Let 
W denote the number of clumps that occur. 
T h e  method of Poisson approximation is 
then applied with the local approach. The 
result is that P[M,,,,(t) 2 s] = 1 - P(W = 0) - 1 - e -L ,  where h is the mean of the ap- 
proximating Poisson distribution. 

There are manv situations in which oc- 
currences of events happen in clumps. The 
book by Aldous (10) provides many such 
examples. In these situations, the appropri- 
ate approximating distribution is the com- 
pound Poisson distribution. One of the new 
develouments relatine to the method of 
Poisson approximation is the extension of 
the method to compound Poisson approxi- 
mation by Barbour,, Chen, and Loh (1 1 ). 
This work extended the associated differ- 
ence equation to an integral equation. Al- 
though Arratia, Goldstein, and Gordon (5) 

also considered compound Poisson approxi- 
mation, the approach of Barbour, Chen, 
and Loh (1 1 ) is different and holds promise 
for producing better results. Much work is 
also being done on multivariate or process 
approximation, which was initiated by 
Barbour (12) and Arratia, Goldstein, and 
Gordon (4) using different approaches. Fi- 
nally, for approximation for relative errors, 
which is very useful when the probabilities 
are small, a nem7 approach was introduced 
in Chen and Choi (1 3). 
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Conformational Flexibility of Enzyme 
Active Sites 

Chen-Lu Tsou 

T h e  activity of enzymes is strongly depen- 
dent on  their conformational integrity. Our 
laboratory has been interested in the pre- 
cise relationship between enzyme activity 
changes and protein unfolding. The obser- 
vation that, under denaturing conditions, 
loss of enzyme activity can precede marked 
changes in protein conformation led us to 
hypothesize that enzyme active sites may 
display more conformational flexibility than 
the enzyme molecules as a whole (1,  2) .  
Here I discuss recent results that support 
this concept. 

The author 1s at the Natona Laboratory of Biomacro- 
molecules, lnsttute of Biophysics, Academa Sinica, 
15 Datun Road, Belling, 100101, Ch~na 

Exuosure of the enzvme creatlne kinase 
to de'naturants such a; guanidine hydro- 
chloride IGuHCl) and urea results in an 
initial phase of rabid inactivation; this in- 
activation can be convenientlv measured 
by following the substrate reaciion with a 
stopped-flow apparatus (3). In parallel, con- 
formational changes induced by the dena- 
turants can be monitored by conventional 
methods that detect changes in intrinsic 
fluorescence, absorbance in the ultraviolet, 
circular dichroism, or exposure of buried 
thiol groups. Comparison of conformation 
and activitv chanees of creatine kinase dur- " 
ing denaturation indicates that enzyme in- 
activation occurs at a. much lower concen- 
tration of denaturant than is required to 
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Comparison d rate constants for 
enzyme untddhg end hwUvatlan 

Unfolding lnactbation 
Enzyme Temperature 

("C) GuHCI (M) Rate (rl) Rate (s-") Residual activity (%) 

GEeatlneWnese -25 0.5 0.00;19 33 15 

25 1 0,059 4.3 0 

GAPDH 0.5 0.0018 >50 0 I 

bring about unfolding of 
the enzyme molecule. At a 
given GuHCl concentra- 
tion, the inactivation rate 
is over three orders of mag- 
nitude higher than the rate 
of conformational change 
(see table) (1 ). Similar re- 
sults have been obtained 
for D-glyceraldehyde-3- 
phosphate dehydrogenase 
(GAPDH), ribonuclease 
A (RNase A), and several 
other enzymes (2). 

For pancreatic RNase 
A, enzyme inactivation Pap 
occurs at <2 M GuHCl, ' 
whereas conformational changes are first 
detectable at >3 M GuHCl(4). In contrast 
to the rate of conformational change, 
which is in the range of several seconds, 
the rate of inactivation is too fast to be 
measured even by following the substrate 
reaction in a stopped-flow apparatus (see 
table). To exclude the possibility that the 
rapid decrease in enzyme activity is due to 
inhibition by the chemical denaturants 
rather than to a conformational change 
( 5 ) ,  we have also studied the changes that 
accompany thermal denaturation. For tet- 
rameric GAPDH, thermal inactivation oc- 
curs at a lower temperature than does the 
conformational change, and at the same 
temperature, the inactivation rate is mark- 
edly higher than both the rates of confor- 
mational change and dissociation of the 
tetrameric enzyme (6). Similar results have 
also been obtained for adenylate kinase (7). 
Since no chemical inhibitors are present 
during thermal denaturation, inactivation 
must be due to perturbation of enzyme con- 
formation, presumably at the active site. 

For GAPDH and creatine kinase, there 
is now direct evidence that confonnational 
changes at the active site are involved in 
the initial phase of enzyme unfolding. We 
introduced a fluorescent probe into the ac- 
tive site of creatine kinase and compared 
the changes in its intrinsic fluorescence 
with changes in the emission intensity and 
anisotropy of the probe in increasing con- 
centrations of GuHCl (8). Decreases in 
emission intensity and anisotropy of the 
probe occur at a much lower concentration 
of GuHCl than is required to induce 
changes in the intrinsic fluorescence. The 
extent of enzyme inactivation coincides 
precisely with the decrease in emission in- 
tensity and anisotropy of the fluorescent 
probe, indicating partial exposure and in- 
creased mobility of the probe at the enzyme 

active site. Similar results have been ob- 
tained in studies of GAPDH labeled with a 
fluorescent NAD' (nicotinamide adenine 
dinucleotide) derivative at the active site 
(9). Kinetic measurements likewise indi- 
cate that both enzyme inactivation and ex- 
posure of the active site fluorophore occur 
at much higher rates than the unfolding of 
the enzyme molecule as a whole. 

Althoueh several laboratories have also 
observed &at denaturant-induced enzyme 
inactivation occurs before measurable Dro- 
tein conformational changes (1 O), other 
workers have reported that the changes oc- 
cur simultaneously (1 1). One possible ex- 
planation for this discrepancy relates to the 
fact that inactivation is, by necessity, mon- 
itored under saturating concentrations of 
substrate. Conceivably, under these condi- 
tions the substrate may protect or partially 
reactivate the enzyme during activity deter- 
minations, which would lead to an underes- 
timate of the extent or rate of inactivation 
(1 2). In the case of papain (1 3), the appar- 
ent rate constants for inactivation and for 
conformational changes during GuHCl de- 
naturation are not substantially different; 
however, the microscopic rate constants for 
the inactivation of the free enzyme are two 
orders of magnitude greater than those rep- 
resenting the conformational changes (see 
table). 

In sum, these observations suggest that 
enzyme active sites are formed by relatively 
weak molecular interactions and hence 
may be conformationally more flexible 
than the intact enzymes. Other recent data 
are consistent with this hypothesis. The en- 
zyme lactate dehydrogenase is stabilized in 
ammonium sulfate solutions or by cross- 
linking with glutaraldehyde; such treat- 
ment results in about a 33% loss of enzyme 
activity, possibly because these agents in- 
troduce rigidity into the active site. The 

stabilized enzyme regains 
its original activity after 
treatment with low con- 
centrations (0.2 to 0.5 M) 
of GuHCl. Such treat- 
ment may reactivate the 
enzyme by restoring flex- 
ibility at the active site 
(14). Some enzymes, such 
as glucan 1 A-a-maltotet- 
raohydrolase and dihydro- 
folate reductase, are acti- 
vated by low concentra- 
tions of GuHCl. At low 
temperatures the extents 
of activation are greater 

' but higher concentrations 
of GuHCl are required for maximal activa- 
tion. The loss of enzyme activity at low 
temperature could be due, at least in part, 
to a rigid conformation at the active site. 
GuHCl may activate the enzyme by restor- 
ing active site flexibility. 

The "induced-fit" model of enzyme ac- 
tion (15) postulates that enzymes exist in 
many different conformational states at 
equilibrium with one another, and that this 
equilibrium can be perturbed by the pres- 
ence of substrates or other ligands. Full ex- 
pression of catalytic activity may require 
rapid shifts in conformational states at the 
enzyme active site; if so, this would help to 
explain the requirement for enhanced flex- 
ibility in this region of the protein. 
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