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ABSTRACT 

Two research groups have independently developed the theory and experimental 
methodology for quantitatively assessing substrate monomer-subsite binding- 
energies for depolymerases. When the two approaches are applied to the same 
enzyme-substrate system they yield surprisingly divergent results. This paper outlines 
the application of the two approaches to an amylase-maltooligosaccharide system 
and points out the more important areas of disagreement. We show that by proper 
data-management, the conflicts between the two laboratories are basically resolved. 
The complexities of the subsite model demand extensive data-gathering and exacting 
data-processing and vet-Cation that the computed model-parameters can faithfully 
reproduce the experimental data. 

DISCUSSION 

For several years, the enzymic properties of proteases*-‘, nucleasesa-’ I, and 
carbohydrases 1 2--2 ’ have been rationalized on the basis of a subsite model. According 
to this model, the binding region of the enzyme is visualized as a tandem array of 
modules (subsites) that interact with the monomer units of the substrate (see Fig_ I). 
More often, monomer-subsite interactions release energy, but ocassionally un- 
favorable steric contacts between the monomer and subsites result in a positive 
free-energy of interaction . I7 According to the model, oiigomers can bind to the 
enzyme and may occupy the whole binding-region or only parts of it. Binding of a 
particular substrate in different sets of subsites gives rise to a group of complexes 
called positional isomers. Two general classes of positional isomers exist: productive 
complexes in which the bound substrate exposes a susceptible bond to the catalytic 
amino acids and suffers bond cleavage (as in binding mode IX, 4 of Fig. l), and 
nonproductive complexes in which the bound substrate does not expose a susceptible 
bond to the catalytic amino acids and does not suffer bond cleavage (as in binding 

mode III,4 of Fig; 1). 
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Fig. I. Some positional isomers of B. nnzyloliquefaciens amyiase: U. subsite on the enzyme; f, posi- 
tion of the catalytic site; 0, D-ghxopyranoside residue; a, reducing o-glucopyranose residue; 
x, reducing radiolabeled D-ghtcopyranose residue; -, a-(1-+4) bond. The term k,.,., is a 

microscopic, hydrolytic rate-coeEcient for chain length n in binding mode r. The binding mode is 
designated by a Roman number indicating the subsite holding the reducing residue and an Arabic 
number indicating the chain length of the substrate. N. P. indicates that the binding mode is non- 
productive. The dotted line represents the point of bond cleavage. 

Each of these positional isomers is characterized by a microscopic equilibrium 
constant, K’, defined by the relationship* 

AL, =~A~‘f24OO= -RTlnK’, (4 
I 

where Z4Gi is the sum of the free energies of binding of the filled subsites and 
2400 caloriesmole - ’ is the cratic free-energy of mixing2’. The sum of these micro- 
scopic binding-constants for all positional isomers of a given substrate is the 
macroscopic binding-constant for that substrate. The inverse of the apparent 
Michaelis parameter, &, , approaches this macroscopic binding-constant as the rate 
of hydrolysis of bound substrate to the rate of dissociation approaches zero. When 
this ratio is significantly greater than zero, a correction factor must be applied to 
convert Michaelis constants to equilibrium constants. 

. The maximum velocity for the hydrolysis of a given substrate is expressed as: 

c k2,* broductive positional isomers] 
B I 

c [productive positional isomers + nonproductive positional iso=] ’ 
t-3 

I 

where I indexes the binding mode (see Fig. 1) and k2,, is the microscopic hydrolytic- 
coefficient for that binding mode. The concentration of any positional isomer 
indexed by z can be calculated, given the substrate and enzyme concentrations, and 
t+e appropriate microscopic constant defined by Eq. I_ 

The bond-cleavage frequencies for any substrate depend upon the relative 
concentrations of its positional isomers (or its microscopic association-constants) 

*A complete listing of symbols is given at the end of the paper. 
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and the relative rates of hydrolysis of its positional isomers (or its microscopic 
hydrolytic-coefficients). For example, consider the breakdown of two end-labeled 
trisaccharide-amylase complexes, binding modes VII,3 and VW,3 in Fig. 1. The 
yield of unlabeled maltose ( 0-a) and labeled D-glucose ( x ) from the trisaccharide 
depends on the hydrolytic coefficient lc2,vn3 and the concentration of binding mode 
VII,3, whereas the yield of unlabeled D-glucose (a) and labeled maltose ( O-x) 
depends on the hydrolytic coefficient k2.V,11,3 and concentration of binding mode 
VIII,3. The bond-cleavage frequency for the trisaccharide is related to the product 
ratios of x and O-x for these two positional isomers by 

Cxl 
‘o-x, =k” 

2,v,,.3 [binding mode VII,31 

2,v,11.3 minding mode VIII,31 * 
(3) 

As already noted, the concentration of binding mode VII,3 and binding mode VIII,3 
of Eq. 3 may be calculated, given the substrate and enzyme concentrations and the 
microscopic constants in Eq. 1. 

From the foregoing discussion and Eqs. Z-3, it may be seen that z,, v, and 
bond-cleavage frequency are directly related to the free energy released in the process 
of monomer-subsite interactions. To verify this model, based on subsite-monomer 
interactions, it is necessary to devise general procedures for assessing the individual 
subsite-energies (LIP,) from the experimentally measurable parameters, R,.,,, p, and 
bond-cleavage frequencies. It is then necessary to show that these values of ,4G, 
correctly predict i?, , p, and bond-cleavage frequencies as a function of chain length. 
The determination of the number of subsites and their binding affinity for monomer 
units of the substrate is termed subsite mapping. 

Hiromi and coworkers’ g-25 and Thoma and coworkers i 7* ” have indepeudently 
developed methods for subsite mapping and have apphed the techniques to an 
amylase-malto-oiigosaccharide system. The two research groups have divergent 
opinions about the type of experimental data required to assess the number of 
subsites, the method for processing the data to evaluate the subsite-monomer inter- 
action energies, the interpretation of their data, and the assumptions of the model. 
This paper describes the approaches to subsite mapping employed by the two 
laboratories, discusses their reIative merits and pitfahs, and rationalizes some of the 
divergent positions. 

Synopsis of theoretical treatments. - Detailed theoretical developments of the 
subsite model and a discussion of the assumptions underlying the model may be 
found elsewhere’8-‘0. In this section, only the equations most valuable for subsite 
mapping are set forth. 

The generalized Michaelis scheme describing binding and degradation of a 
polymeric substrate is 

k1.k.n 
E+& t-- - EA 

kz.,.,, 
I.” - E+P,,,, (4) 

t-1.*,* 

where I indexes the binding mode, A, is a substrate of chain length n, P,,,, is a product 
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of chain Iength ~tl, E represents enzyme, and k, is the microscopic hydrolytic: 
coefficient for -the complex. 

A steady-state analysis of Eq. 4 reveals that the important relationships between 
measured constants and microscopic binding-constants that are directly related to 
dGi by Eq. I are: 

1 
- = c UK,., = 1 Ic:,,, 
.&WI 8 I 

CEol- c l/K,,, ’ 
and 

(5) 

(7) 

where &,,, and pn are measured Michaelis constants and co,, is the first-order rate 
constant for enzymic hydroIysis at low concentration of substrate (A$I?,& K,,, 
approximates a microscopic dissociation-constant and has the form (k_, ,c,n+kL,l,n)/ 
k lvl,n; K;,= is the corresponding association-constant. The term B,,, contains only 
terms for productive complexes, as noted previously by Hanson29. 

The other measurable function that yields vaIuabIe information about subsite 
binding-energies is the bond-cleavage frequency of a substrate. The bond-cleavage 
ratio for a pair of adjacent bonds is: 

CLJ k~,,.JLz 

[&+~.rn+J = b+dK+k 
(8) 

where [p] = d[P]/dt. As k 2,r,n = 0 for nonproductive complexes, it may be seen that 
both bond-cIeavage frequency (Eq. 8) and ijo (Eq. 7) provide information only about 
productive complexes. On the other hand it may be seen that R, (Eq_ 5) and r(Eq. 6) 
provide information about both productive and nonproductive complexes. Con- 
sequently Eqs. 5, 6, and 8 must all be used to generate a complete subsite map. Eqs. 5 
and 6. are inadequate for this purpose. 

Processing of data. - The crux of the subsite-mapping problem is to devise 
procedures to determine the number of subsites, to locate the position of the catalytic 
site, and to estimate the free-energy change accompanying monomer binding at each 
subsite. The chain-length dependence of R,, v, and bond-cleavage frequencies are 
ah required data for generating the subsite map. The merit of this subsite map will 
depend on its abihty to account for the behavior of the enzyme toward substrates of 
various chain-lengths. 

Hiromi’s gro~p’~-~’ and our group 17*18 have independently devised’methods 
for subsite mapping. The two groups collect different but- overlapping types of data 
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and process and interpret them differently. As both research groups have investigated 
a bacterial amylase-malto-oligosaccharide system, it is informative to compare the 
data, techniques, and interp:etations. Both groups have investigated the substrate 
chain-length dependence of K, and vfor three different strains of Bacillus amylolique- 
faciens amylase” but, in addition, our group has used bond-cleavage frequency 
analysis as an integral part of the technique. The data are summarized in Table I. 

Evaluation of the number of subxltes and position of the catalytic site. - An 
accurate measure of the number of subsites and the location of the cataIytic site in the 
binding region is the critical first step in subsite mapping. Thoma and coworkers17 
used the chain-length dependence of bond-cleavage frequencies and Eq. 8 to determine 
simultaneously the number of subsites and to position the catalytic site. Eq. 8 can be 
rearranged and combined with Eq. I to give 

RTln cpl*m’ = dG,+,--dG,_,,,+RTlnk2.,.“, 
I3 1 k zfl,m+l z,r+ 1.n 

(9) 

where z is the index of the subsite occupied by the “reducing” monomer unit of a 
substrate in binding mode z. To obtain a first approximation of a subsite map, the 
contribution of the kinetic ratio, kZ,z.,}kz,,t, ,“, in Eq. 9 was set at unity. This 
assumption leads to apparent subsite binding-affinities, d c’, , containing both thermo- 
dynamic and kinetic parameters. It is now shown how these apparent dGi values 
may be corrected for the contribution of the kinetic ratio. 

Eq. 9 shows that the bond-cleavage ratio for a pair of adjacent bonds on a 
substrate of chain length n measures the apparent difference in monomer binding- 
affinities for two subsites separated by n- 1 subsites. For example, consider binding 
modes VII, 3 and VTII,3 of Fig. 1. The ratio [ x ]/[ 0- x ] gives the apparent difference 
in binding affinity of subsites V and VIII. The apparent difference in binding affinities 
of other pairs of subsites can be obtained by using substrates of different chain-lengths. 
As bond-cleavage frequencies generate only apparent binding-affinities, it is con- 
venient to select one subsite as a reference subsite, set dgrel = 0, and compare de, to 

4;e_f- 
Fig. 2 (open bars) shows the results of this comparison for BLA-N when 

subsite IX was chosen as the reference subsite. The salient feature of this Figure is that 
the bGi value for a series of subsites on both ends of the mapped region of the enzyme 
appear to be constant at 1100 + 150 cal mole- ‘_ These peripherai subsites having a 
constant apparent free-ener,v are virtual subsites or regions in space occupeid by 
monomer residues that are not actually a part of the enzyme-specificity site. These 
virtual subsites therefore delimit the real subsites (points of contact) which comprise 
the specificity region of the enzyme that interacts with substrate monomer-units. 

*Liquefying alpha amylase from Bacilhs antyioliquefaciens, (14)~a-n-glucan 4-glucanohydrolase 
[EC 3.2.1.11. The following notations, introduced by Iwasa et aL2’, are used to distinguish the three 
amylases: BLA-N, (Nagase Sangyo Co., Ltd.) studied by Thoma et ~l.“*~~; BLA-F (Fukumoto) 
and BLA-D (Daiwa Kasei Co., Ltd.) studied by Iwasa-er af.13. 
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Bond-cleavage frequencies then measure the number of subsites and the position of 
the catalytic site. Later, it will he shown how these relative d~i values are transformed 
to an absolute scale. 

2000 

-i al 1000 

= 
E 

-: 

z 0 

h 
P 
c, 
z -1000 

z 
a 

-?I -2000 

Subsite 

Fig. 2. Subsite binding-energies for BLA-N obtained from quantitative bond-cleavage frequency 
an_alysis”: f, position of catalytic site; 0, apparent binding-energies relative to sibsite IX. The term 
AGlx was arbitrarily set to zero and used as a reference subsite. R, apparent binding energies obtained 
by correcting subsites -IV through -1, XI, and XII, (which lie beyond the end of the binding region) 
to zero. These apparent binding-energies contain a kinetic term (Eq. 9). Subsites VI and VII cannot 
be estimated from bond-cleavage frequencies. 

Iwasa and coworkers’ 3 used the chain-length dependence of P (Eq. 6) to 
measure the number of subsites and used qualitative bond-cleavage frequencies to 
locate the position of the catalytic site. Their analysis rests on the assumption that 
a plot of log ~v.s. chain length, n, will exhibit a sharp break when the chain length of 
the substrate equals the number of subsites. A close inspection of Eq. 6 reveals that 
Iog P US. n will plateau whenever productive complexes dominate nonproductive 
complexes. Frequently, the concentration of productive complexes will become 
dominant when the chain Iength of the substrate is shorter than the size of the binding 
region. This is particularly apt to happen when a steric impediment to binding occurs 
near one end of the specificity site. These barrier sites are almost certainly present on 
all exoenzymes. Consequently, the break in a plot of log V U.S. n will only set lower 
bounds on the number of interacting subsites. 

The data gathered for three strains of B. a&uZ&uefacieens, BLA-N, -D and -F 
illustrate this point. Fig. 3 is a plot of log PVS. chain length for these three enzymes. 
The breaks in the curves occur approximately at a chain length of eight or nine 
residues. However, the bond-cleavage frequency analysis for n = 3-12 (Fig. 2) 
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Fig_ 3. Experimental dependence of p on chain length for three strains of B. amyioliquefaciens 
amylase, BLA-N, -D and -F: 0, BLA-F; A, BLA-D, data of Iwasa er aL2”; 0, BLA-N data of 
Thoma et aLla. Data are normalized to V,. The data for BLA-N have been displaced f 1 log unit for 
clarity of presentation. 
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Fig. 4. Computed dependence of Pan chain length: The A?;, values of Fig. 6 (closed be) for BLA-N 
were used as a basis for computations. p was calculated from Eq. 6 and normalized to pS. 0, ten- 
subsjte qxyme using ti&mplete energy+istogram for F&A-N: A, hypothetical nine-subsite.enzyme 
generated by assigrkng +lbx = 0; and 0, I;yp?thetical eight-subsite enzyke, genqated by assigning 
.A&=:A&= 0. Dais for tke hypothetical niti& and eigbi-s’Jbsite e,&mes are displaced 4-I and 
+2 l&j Units rtipectively~for clarity bfpresentation. .. -- : .. . . .,- .. 
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requires that BLA-N has ten, and not eight or nine, subsites. An eight- or nine-subsite 
map is completely inadequate to account for the experimental data. 

Fig. 4 displays simulated data for an eight-, nine-, and ten-subsite enzyme and 
confirms our suggestion that the break in a plot of log PUS. n only sets a lower limit 
on the size of the binding region. The ~values for a ten-subsite map were calculated 
from Eq. 6 by using the subsite binding-energies for BLA-N (Fig. 2). For the 
hypothetical nine-subsite enzyme, dG, was set at zero: for the hypothetical eight- 
subsite enzyme, AG, and AGlx were set at zero. For the ten-subsite enzyme, the break 
in the curve appears to occur at a chain length of nine, which again underestimates 
the true size of the binding region. The problem of determining the position of the 
break in the curve becomes considerably more difficult with real data because of 
experimental scatter. 

To predict the position of the catalytic site, Iwasa and coworkersf3 have relied 
on qualitative bond-cleavage patterns from end-labeled oligosaccharides for one 
enzyme (BLA-F) and from unlabeled oligosaccharides for another (BLA-D). They 
conclude, using oligosaccharides of chain lengths 3-8, that the bond-cleavage 
frequencies were more consistent with an eight- rather than a nine- or ten-subsite 
enzyme. The hazards of using qualitative product-ratios to predict the number of 
subsites are demonstrated in Fig. 5. It is apparent that, for substrates of size equal 
to or smaller than the length of the binding region (Fig. 5A-B), the bond-cleavage 

Bond cleavage frequency 
Number of 
subsl tes 

0.01 0.01 Q70 Q26 0.04 a07 063 025 :1 A 

CIOl 007 0.66 Cl26 

-X 
lo! 

0.00 0.11 0.04 a04 a 

0.01 042 0.54 003 9 1 6 
0.00 042 0.55 003 

CX 
1oJ 

0.03 024 o24 0.24 a24 013~ 

004 0.30 030 a30 on5 a00 9 c 
0.01 a10 010 a67 0.12 a01 10 

_X 
8 1 

Fig. 5. Computed bond-cleavage frequencies of end-labeled oligosaccharides: 0, D-glucoppanoside 
residue; X, radiolabeled D-glucopyranoside residue; -, a-(14) bond. The bond-ckxvage 
frequencies were computed for Eq. 8 for: A, maltoneptaose: B, maltooctaose; and C, mahoundecaose. 
For a ten-subsite enzyme, the bindin_g energies for BLA-N in Fig. 6 (closed bars) were used;for a 
hypothetical nine-subsite enzyme dGx = 0; and for a hypothetical eight-subsite enzyme AGx= 
A&=0. 

frequencies show little dependence on the number of subsites. We must conclude that 
the qualitative bond-cleavage patterns-reported by Iwasa et ~1.~~ are consistent with 
an enzyme containing eight, nine, or. ten subsites and, therefore cannot differentiate 
between the three possibilities. It is only when the chain length exceeds the length of 
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the specificity region that bond-cleavage frequencies depend markedly on the size of 

the specScity region (Fig. 5C). These long substrates are excellent probes of *be 
length of the binding region. 

The use of unlabeled substrates further complicates the problem of locating the 
catalytic site, because two positional isomers will yield identical products upon 
hydrolysis. For example, hydrolysis of the two productive complexes of maltotriose 
(Fig. 1) both yield the same products, namely D-glucose and maltose. It is impossible 
to tell what fraction of D-glucose arose from cleavage at the reducing end of the 
molecule and what fraction arose from cleavage at the nonreducing end. Consequently 
it is impossible to distinguish a real subsite-map from its “mirror image”. However, 
if the maltotriose is radiolabeled at the reducing end, the production of labeled 
D-glucose and labeled maltose unambigously pinpoints the relative rate of hydrolysis 
of the two bonds (see Fig. I). 

Determination of subsite binding-affinities. - A brief account of the techniques 
designed to estimate monomer subsite binding-affinities, Acj, from experimental data 
is how discussed. Iwasa et al. 23 did not quote our 1971 paper’ ’ where it was shown 
that both bond-cleavage frequencies and Michaelis parameters are required to 
generate a complete subsite map. They then claimed that our bond-cleavage frequency 

Fig. 6. Comparison of subsite maps for three strains of 23. anryioliquefacietzs: q , BLA-N computed 
by model of Thoma et aZ.17*‘*; IJ, BLA-D, 3, BLA-F predicted by Iwasa er aLz3. For BL.A-N, 
binding energies for subsitcs I-V and VIII-X were determined from bond-cleavage frequency 
analysis” and binc+g energies for subsites VI and VII were estimated from Michaelis parameters’*. 
For BLA-D and BLA-F, binding energies for subsites I-V and VIII were estimated from initial- 
veIocity ratiosz3. For BLA-D and BLA-F, the sum of the bindie energies for subsites Vi and VII 
was estimated to be 3800 and 3100 cal. mole-’ respectivelyz3 ; this sum was not dividid between the 
SwzFc5vbSiS -_ 
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analysis (1970 paper)18 and their thermodynamic analysis are complementary, and 
that they appear to generate a similar subsite map (Fig. 6) However, the visual 

similarities of subsite-ener,7 histograms are deceiving because the chain-length 
dependence of I?,, v, and bond-cleavage frequencies are very sensitive to dGi values. 
Consequently, the procedure used to generate subsite-energy histograms is of the 
utmost importance. 

The procedure devised by Iwasa er al. 2 3 to calculate d Gi for BLA-D and BLA-F 
relies on measured first-order rate constants (Eq. 7). By dividing ijo,, by D0,2, they 
obtained the general equation: 

j&f $ kz.*.fx exp( -1 AGi/RT) 

Co,2 = C kz.,,Z exp(-i AGJRT) ’ 
1 i 

They then simplified Eq. 10 by making the assumption that k2 is an intrinsic constant. 
For example, when n = 3, Eq. IO becomes 

Co.3 
- = exp (AG, + AGvrrr)/RT . 
6J.z 

For different values of n they obtained a series of nonlinear equations of the form of 
Eq. II. They then attempted an iterative technique to solve this set of nonlinear 

equations (see Appendix for details). As noted before, these equations do not supply 

any information about the two subsites adjacent to the catalytic site. Iwasa ef al.‘” 

calculated the sum of the binding energies of these two subsites (subsites VI and VII) 
adjacent to the catalytic site from v’,., and an independent estimate for k, but they 
could not proportion the sum between these two subsites. Fig. 6 shows the partial 
subsite-maps generated for BLA-D and BLA-F by this techniqtte. 

This procedure, although theoretically sound if k2 is an intrinsic constant, 
(discussed later) suffers from several practical pitfalls. First, division of GO,” by &,2 
propagates any error in measurement of the latter value throughout the entire set of 
equations (Eq. II). As GO,R decreases by 5 or 6 orders of magnitude as tz changes from 
8 to 2, trace contamination of a maltase could seriously raise v’,,2 above its real value. 
A second practical problem is the instability of the series of nonlinear, simultaneous 

equations (Eq. II). We have found that Iwasa and coworkers’23 iterative technique 
for solving this set of equations does not always converge to a unique solution. 
Oscillations sometimes tend to amplify themsleves on succession iterations, and this 
leads to divergence. The amplification factor is extremely sensitive to measured Go_” 
vaIues (see Appendix for details). 

The procedure proposed by our group’ 7*18 for evaluating the subsite binding- 
energies is based on the combined use of Eqs. 5, 6, and 8. The analysis is begun by 
using quantitative bond-cleavage frequencies to generate the relative subsite-map 
shown in Fig. 2 (open bars). As noted before, subsites -IV through -1, XI, and XII 
lie beyond the edge of the binding region; hence, their absolute binding-affinity for a 



116 J. A. THOMA, J. D. ALLEN 

substrate monomer unit must be zero. These subsites have a d(? value of 1100 
4 150 calmole- ’ relative to subsite IX (the reference subsite). By lowering &, for 
each subsite by 1100 calmole- ‘, the subsite energy histogram is transformed to an 
absolute scale, as shown in Fig. 2 (closed bars). 

Bond-cleavage frequencies (Eq. P), like u10,,/&,2 ratios (Eq. 7), only sense 
productive complexes and cannot furnish any information about the subsites (VI and 
VII) adjacent to the catalytic site. However, &, and pcontain information about both 
productive and nonproductive complexes, and they must be used to predict the 
energies of the two subsites adjacent to the catalytic site. 

We used a weighted, least-squares analysis to calculate d& and dcvrr for 
BLA-N’*. First, the sum of the binding energies of these two subsites was measured, 
and then the sum was proportioned between the two subsites in a way that optimizes 
the fit between computed and experimental & and vvalues. The sum of d&r and 
d&r1 was computed from the equation: 

At?‘,fA& = --RThK,+2400-_C ACi, (12) 
i 

(i f VI or VII) 

where AG, values (i# VI or VII) were obtained from bondcleavage frequencies 
(Fig. 2, closed bars). K&, the association constant for internal binding, is the micro- 
scopic association-constant for an enzyme-substrate complex where the active site is 
completely filled. K& can be evaluated from Km,, for substrates having a chain 
length equal to, or greater than, the size of the binding region. 

The subsite map generated for BLA-N by this technique was then tested for its 
ability to reproduce Em and v as a function of chain length (n = 3-S). The resulting 
residual error exceeded the experimental error by an order of magnitude. We were then 
forced to conclude that the subsite model, as originally conceived, required modi- 
ficati~n~~. It was concluded, from trends in experimental data, that ignoring the 
contribution of k2,z,,/k~,l+I,n to AGi values (Eq. 9) caused the relative subsite binding- 
aflinities to be overestimated. 

As a specific example, the hydrolysis of maltooctaose bound in modes VII,8 and 
VIII,8 (Fig. 1) is now considered. Rearranging terms in Eq. 9 gives 

A&II =RTlu Cxl 
co-x7 

+ R77&?E, 
k 

(13) 
Z1W.8 

so that the binding aflinities of Fig. 2 (closed bars) must be corrected by the factor 
RT In (k~,vlrI,8/k2,v,I,8). The experimental data indicate that, to a_fkst approximation, 
the 5lling of any subsite lowered the activation-energy barrier by a relatively constant 
amount. This observation may be expressed mathematically as 

where AG,,, is the contribution of the ith subsite to the acceleration of bond cleavage. 
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Substitution of Eq. 14 into Eq. 13 yields 

dG,n = RTln cx7 - + dG,,,n. 
Co-xl 

Therefore, the subsite binding-energies obtained from bond-cleavage frequencies 
must be increased by the factor AG,,i. Because we cannot evaluate A G,,< individually, 
we were forced, as a first approximation, to use an average value for the acceleration 
factor. When the subsite binding-energies were corrected for this average acceleration 
term (which amounted to 450 cal.mole- ‘), the resulting subsite map sucessfully 
predicted the experimental parameters within the experimental error. The final subsite 
map for BLA-N is shown in Fig. 6. It is not implied that dG, is a constant, but only 
that assigning it some mean value dramatically improves the predictive value of the 
model. 

Iwasa and coworkers’ 3, in constrast, have maintained that AG, cancels from 
Eqs. 8 and 13-15. They have rejected the possibility that k, is a function of the number 
of filled subsites because it “is c2 priori unlikely” and have stated that the assumption 
that k2 is an intrinsic constant is essential as a working hypothesis. It must be 
emphasized that our position that k, is an average function of the number of occupied 
subsites was an alteration of the subsite model dictated by experimental data. Only 
by relaxating the restraint that k2 is an intrinsic constant could we modify the model 
to bring experimental and computed parameters into agreement. This modification 
of the mode1 was a matter of in posteriori reasoning and not a priori speculation. 

Iwasa and coworkerst3 cIaim that the constancy of k2 has been demonstrated 
with an exoamylase, glucoamylase. Hiromi et al. 2 1 obtained good agreement between 
experimental and caIculated Michaelis parameters for glucoamylase by assuming that 
k2 was a constant. This seems to indicate that d G, is negligible for glucoamylase but 
is not sufficient evidence to summarily reject the possibility of a contribution from 
AG, for other enzymes. In fact, it will be shown that the experimental data of Iwasa 
and coworkersz3 for BLA-D amyIase indicates that k2 is a variable. 

Iwasa and coworkers have computed subsite binding-energies with the aid of 
Eq. 8. The free energies for fY.ling subsites computed by this procedure are similar to 
those computed from bond-cleavage frequencies in that the apparent A G values 
contain a rate ratio, k2,r, jk2Sr,n+l. To take a specific example, when n = 3, Eq. 10 
becomes 

& k k 
=mexp(--dG,,/RT) +Bexp(-AG,/RT). (16) 

fio.2 k 2.w.z k Z.W,f 

Substituting Eq. 14 into Eq. 16 and solving for the free energy associated with subsite 
V yields an expression similar to Eq. IS, namely 

Atf&At?~,V = -RTln~exp(AG,.,-AG,,U)IRT. 
vo.2 
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Hence the true subsite binding-energies are equal to those calculated by Iwasa and 

coworkers23 plus dG,,i, the acceleration factor. 

As Iwasa and coworkersz3 have not evaluated the individual binding-energy 
of the two subsites adjacent to the catalytic site, they lack a crucial data set needed to 
compute the chain-length dependence of R, and l? This lack of data prevents them 
from comparing computed and experimental Michaelis constants to check on the 
merits of their model. We therefore used our statistical minimization-technique’8 and 
the R, and Pdata of Iwasa and coworkers23 to optimize &vi and d&i, for BLA-D, 
setting d G, = 0. A comparison of the computed and experimental parameters is made 
in Table II. On the average, the computed values differ from the experimental values 
by two orders of magnitude. However, if the constraint that k2 is a constant is 
relaxed and d G, is optimized, a dramatic improvement in fit results (Table II). 

I 
TABLE II 

EFFECT OF ACCELERATION FACI-OR ON BLA-D AMYLASt? 

Chain &xperimental” 
length K, (Ml 

Experimentul ei, 

Calc g, 

AG, = 0 AG, = 630 

Experimentalb Experimental 0 
V (relatil e) Calc 3 

AG,=O AG, = 630 

3 1.7x 10-x 12. 3.5 1.0 c C 

4 3.3 x 10-Z 62 1.8 5.7 12 1.2 
5 3.5 x 10-Z 330 3.9 1.6~ 10 66 1.7 
6 1.6 x lo-’ 244 3.6 1.6 x IO’ 32 1.7 
7 1.3 x 10-Z 201 8.4 3.8 x 10z 5.9 0.9 
8 3.8 x 1O-3 61 4.8 3.6 x IO3 13 3.7 

-Em and P were calculated by using the subsite binding-energies estimated from initial velocity 
by Iwasa et af.23, except for subsites VI and VII, which were optimized to give the best fit with kz 
constant (AC, = 0) or with an acceleration factor (AC, = 630 caljmole). The optimized binding- 
energies for subsites VI and Vii are 2670 and -3650 cal mole-‘, respectively. The experimental 
values were measured for mako-oligosaccharides by Iwasa et o/_ 23. CVelocities for maltotriose were 
used to normalize that Pvalues, so that by definition, experimentat p+aIc. vs = 1. 

It is proposed that this improvement in the model supports our belief that the 
enzyme utilizes a portion of the free energy released upon substrate binding to lower 
the activation-energy barrier for hydrolysis. Substrate binding is therefore an integral 
part of catalysis and not, as the analysis by Iwasa et al. insists, merely a process that 
preceeds catalysis. We do not imply that 630 cal.mole- ’ in Table II is the correct 
value of d G, for BLA-D because of the uncertainty of the number of subsites and the 
position of the catalytic site. The best way to resolve these contested points is by 
careful, quantitative bond-cleavage frequency-analyses of end-labeled substrates. 

CONCLUSIONS 

This comparative study reveals that the thermodynamic and kinetic behavior 
of depolymerizing enzymes is sensitive to small variations in subsite binding-energies. 
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Hence, conclusions concerning the similarities of enzymes, based upon visual 
comparisons of subsite maps may be misleading (Fig. 6). The value of any theoretical 
model lies in its ability to account for experimental facts and in its ability to make 
correct predictions. For this reason, it is imperative that any subsite map generated 
by the complex manipulation of experimental data be tested for its ability to reproduce 
the original experimental data before it is accepted. 

As the subsite map of Iwasa and coworkers2 3 for BLA-D does not satisfactorily 
account for their data, we believe it must be modified or rejected_ The inadequacy of 
their model is traced partly to inadequate data collection and difficulties in data 
processing and partly to their insistence that k2 is an intrinsic constant1g-25. Because 
of the complexity of the subsite model, the computed number of subsites and subsite 
binding-energies critically depends upon data-processing techniques_ For example, 
the number of subsites derived from an analysis of the chain-length dependence of 
bond-cleavage frequencies will generally exceed the number of subsites derived from 
an analysis of the chain-length dependence of Michaelis parameters. Any technique 
that incorrectly counts the number of binding modules inevitably generates an 
erroneous subsite map. 

Because of its successful application, we believe that the bond-cleavage 
frequencies method ’ ’ is the best way to determine the number of binding modules 
and to locate the catalytic site. The advantage of measuring bond-cleavage frequencies 
is that a single series of experiments determines the size of the binding region, the ’ 
position of the cataIytic site, and the relative binding-energies of all subsites except 
those adjacent to the catalytic site. A deficiency of using only this information as well 
as Hiromi’s approach is that they both introduce contributions from kinetic terms 
(the acceleration factor) into the apparent binding-energies. Michaelis parameters are 
required to sort the apparent binding-energies into the kinetic and the thermodynamic 
components. 

When the experimental data forced us to abandon the assumption that k, was 
constant, that assumption was replaced with the approximation that, on r/ze average, 
for B. amyZoIiquefackns amylase (BLA-N), filling a moduIe increased k, roughly by 
a factor of two. At present there is no way to evaluate d G, associated with a given, 
productive positional isomer, and an average value for dG, can only be estimated. 
This problem of A G, will need to be handled on an ad hoc basis for each new enzyme 
investigated until generalities begin to emerge. 

In conclusion, to map the specificity site of an enzyme requires tuto types of 
input, quantitative bond-cleavage frequencies as a function of chain length and 
Michaelis parameters (& and 0 as a function of chain length. Either type of data 
alone will give an incomplete, and possibly erroneous, subsite map. The following 
steps are recommended for subsite mapping: 

1. Establish experimental conditions where complicating factors such as 
bimolecular reactions’ ’ and multiple attack are insignificant” or modify the model 
to account for these factors. 

2. Use end-labeled substrates to determine quantitative bond-cleavage 
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TABLE III 

A COhfPARISON OF SYMBOLS AND NOTATIONS USED BY TWO RESEARCH GRCUPS FOR 

SUBSITE hfAPPINGa 

Symbols $- Symbok of 
Thoma et aI.“~‘s hasa et aLz3 

Definition 

Symbo Is 

A 

E 

AG 
k 

K 

Kill 
P 

R 

Subscripts 

a 
i 
int 

I 

6” 
E 

2G 
k 

ko 

K 

KLn 

P 
R 
S 
S 

T 
V 

I/ 

II 
cov. 

i, r 

int 
_I 

,tz 

n 

P 
1 
-1 
2 
0 

Superscripts 

W 
, 

Substrate 
Subsite atEnity 
Molecular activity, k,, divided by the Michaelis constant 
Enzyme 
Enzyme concentration 
Standard free-energy 
UnimolecuIar or bimolecular rate-coefficient 
Molecular activity, the maximum velocity divided by the 

molar concentration of enzyme 
Microscopic or macroscopic equilibrium-constant 
Michaelis constant 
Product 
Probability of cleavage 
Gas constant 
Substrate 
Substrate concentration 
Absolute temperature 
Initial velocity at A<&, 
Maximum velocity 
Concentration 
Subsites “covered” or occupied by substrate monomer 

units. 

Acceleration factor 
Subsite index 
Property of a chain completely occupying the binding 

region 
“Intrinsic” rate coefficient for hydrolysis 
Binding-mode index, subsite number occupied by the 
“reducing” o-glucosyl residue 
Chain length of product 
Chain length of substrate 
Binding-mode index for productive binding 
Microscopic, bimolecular dissociation-coefficient 
Microscopic, unimolecular dissociation-coefficient 
Microscopic, unimolecular rate-coefficient 
Initial or total quality 

Measured or apparent value 
Association constant 
Time derivative 
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frequencies and establish the size of specificity site, the position of the catalytic amino 
acids, and the apparent binding-energies of the subsites. 

3. Measure R, and v as a function of chain length. 
4. Utilize optimization* techniques to establish the binding energy of the two 

sites adjacent to the catalytic site and estimate d G,. 
5. Test the resulting model-parameters for their ability to reproduce the 

experimental data. 
6. Modify the model if necessary, recompute new set of model parameters, and 

recheck the ability of these parameters to reproduce the experimental data. 

APPENDIX 

Evaluation of subsite afinities from initial-velocity measurements. - As outlined 
in the text, Iwasa et aZ_” used initial-velocity ratios to estimate subsite binding- 
energies, A Gi. The general equation is 

ijO ” c k2.r.n exp(---C AG,IRT) 

~=~k2,,,2exp(-~AG,IRT)’ 
I 

(A0 

where i& is the first-order rate constant measured at A 4 K;, _ 
These authors assumed that k2 is constant and that the rate terms cancel from 

Eq. AI. For BLA-D or -F, the following series of equations are generated for PZ = 3-8: 

!!Q = exp(-AGJRT)+exp(-AG&RT), 
vo.2 

(AZ) 

!!Z = exp (( -AGIV- AG,)/RT) +exp ((--dGv- AG,,JRT)f 
no,2 

+=w(-A%IIIRT), 643) 

%&5 
Co.2 

= exp((-AG~-AG~~--AG~)/RT)+exp)(-AG~~-AG~-AG~~/RT)C 

+ exp (( - AGv = AGvru)/RT} + exp ( - AGvrrr/RT) , 644) 

u”o,6 = exp{(-AG,,-AGI,,-AG,V-AGV)/RT}+ 
vo.2 

+exp((-AG,,,-AG,v-AG,-AG,~/RT)+ 

+exp{(-AdI,-AGV- AGV,&RT}+exp {(-AGv-AGd/RT)+ 

+ exp I- AGdRTl , (As) 

*Minimization programs are available upon request. 
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co 7 -2 

co.2 

= exp((-AGI-AG,I-AGu,-AGw-AGv)}RT)+- 

+exp{(-AC+,-AGIII-AGIV-AGV_dG,,3/RT)+ 

+exp((-AGG,,,-AGG,-AGv-AGG,,J/RT)+ 

+exp((-AGlv-AGu-AGulu)/RTj+ 

and 
+exp((-AGv-AGG,,,J/RT)+exp(-AGwnIRT), 

v’o 8 A = exp((-Ad,-AG,I-AGI,,-dG,,-AGG,)/RT)+ 
uo.2 

+exp((-AGG,-AGG,,-AGG,,,-AGG,v-AGG,,,JRT]+ 

+exp((-AG,,-AC&--AG IV -AGV-AG,,,,)/RT) + 

+expC(--dG,,--dGIV--dGv--dGv,,,)IRT)+ 

+exp((-AG,v - AGv- AG&/RT)) + 

(4 

+ ew l( - A Gv - A Gvlll)IR Tl+ exp ( - A Gvnl/R Tj . (A71 

Iwasa and his coworkers23 proposed to solve this set of simultaneous, nonlinear 

equations by the following iterative technique: 1. Select a starting value for AGVrll. 
2. With this initial guess, calculate AGv from Eq. A2. 3. Substitute these values of 
A Gvm and AC,, into Eq. A3 and solve for AG,,. 4. Continue in this manner until a 
new value for AGvtrl is found from Eq. A7. 5. Substitute the new value of ACvllI 

into Eq. A3 and repeat steps 2-5 until “self-consistent values of AGi values are 
obtained” (converge to a solution). 

We found that, when the subsite binding-energies reported for BLA-F were 
substituted in Eqs. A2-A7, we could not regenerate the experimental values of 
~0,nlfio.t - Although the iterative procedure designed to solve Eqs. A2-A7 is theoreti- 
cally sound, we have found that the equations are unstable and that the iterative 
technique leads to divergence rather than covergence. For BLA-D, iteration did lead 
to convergence; however, for BLA-F, iteration caused divergence. Iwasa et al. 
repcried that convergence was obtained when AGvrlr = 1200 cal.mole- ’ for BLA-F. 
If this value is used as an initial guess in Eq. A2, the second iteration fails because the 
logarithm of a negative number is encountered in Eq. A5. Fig. 7 demonstrates the 
instability of these equations. 

In a subsequent paper, this same research group examined the effect of photo- 
oxidation on BLA-D24. They found that ijo,n (n = 3-12.6) was depressed by 20-90%. 
We attempted to generate a subsite map for this modified BLA-D by using Eqs. A2- 

A&As ii,,, for the modifkd BLA-D was not given, we assumed that, it was depressed 
by the same amount as i5e.s and c0,4. Even by choosing a wide range of initial values 
for A Gvm, we were not able to obtain convergence. 
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-1.51 1 1 I I 1 I 1 i 1 
0 1 2 3 4 5 5 7 8 9 io ii 

Iteration 

Fig. 7. Oscillations in the AZ‘, values for BLA-F with successive iterations, by using Eq. A2-A7 
and the experimental data of Iwasa et aI.z3: 0, A&, ; A, A&. The initial =lalue of A&,,, was 
1.26 kcal. mole-‘. lwasa er al. reported convergence at AGvrlI = 1.2 kc&. mole-‘. 

Eqs. A2-A7 are even more complex if the enzyme has another subsite to the right 
of the catalytic site. Tn this situation, Eq. A2 now has terms for de,, d GVIII, and 
AG,x, so that an initial guess would have to be made for two subsites, compounding 
the problem of obtaining a solution. 
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