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Kinetics of Trypsin Inhibition by Its Specific Inhibitors
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ABSTRACT: The kinetics of inhibition of trypsin by its specific inhibitors, pancreatic trypsin inhibitor,
ovomucoid trypsin inhibitor, and soybean trypsin inhibitor, has been studied by following the hydrolysis
of benzoylarginine ethyl ester in the presence of the inhibitor, and the results have been analyzed with the
method described previously [Tian & Tsou (1982) Biochemistry 21, 1028]. The results obtained are consistent
with the following: (a) The enzyme binds with the pancreatic inhibitor irreversibly to form an inactive
complex. (b) The binding with the ovomucoid inhibitor to form the inactive complex is reversible. (c) An
intermediate is formed before the relatively stable inactive complex with the soybean inhibitor, and both
steps are reversible. The respective microscopic rate constants are determined by suitable plots of the apparent
rate constants under different substrate and inhibitor concentrations. The second-order rate constants for
the initial binding step thus obtained are in accord with the apparent inactivation rate constants determined
by measuring the activity remaining with a stopped-flow apparatus equipped with a multimixing system
after the enzyme—inhibitor mixture has been incubated for different time intervals.

Naturally occurring proteinase inhibitors are ubiquitous in
animals, plants, and microorganisms, playing an important role
in the regulation of many physiological processes. Trypsin
inhibitors have been particularly extensively studied (Las-
kowski & Kato, 1980; Barrett & Salvesen, 1986) because of
the general interest in specific protein—protein interaction, their
physiological significance, and their possible medical impli-
cations. A large number of proteinacious trypsin inhibitors
have been isolated and purified from different sources and their
structures elucidated; these are classified usually according
to their amino acid sequences and the structure of disulfide
bridges they contain. Although the kinetics of the inhibition
processes of these inhibitors have been investigated by a
number of workers (Green, 1957; Putter, 1967; Haynes &
Feeney, 1968), the conventional method of taking aliquots after
the enzyme is mixed with the inhibitor and measuring the
activity remaining was usually employed. In most cases, only
the rate constant for the binding of the inhibitor with the
enzyme could be obtained even when a stopped-flow apparatus
was employed (Engel et al., 1974). As the activity mea-
surements were usually made after dilution into the sub-
strate-containing reaction mixture, dissociation of the reversibly
formed enzyme—-inhibitor complex to regenerate the free en-
zyme cannot be entirely avoided, especially in the presence
of the substrate.

A kinetic method was proposed some years ago for the study
of the rate of enzyme inhibition by following the substrate
reaction in the presence of the inhibitor (Tsou, 1965a,b; Tian
& Tsou, 1982; Wang & Tsou, 1987). Although irreversible
inhibition kinetics has been mainly considered and subse-
quently applied to different systems in a number of laboratories
(Harper & Powers, 1985; Mason et al., 1985; Tudela et al.,
1986; Liu & Tsou, 1986; Ikam et al., 1987), the original
treatment deals with both reversible and irreversible inhibitions.
Similar treatments of the kinetics of substrate reaction in the
presence of slow binding reversible inhibitors have also been
dealt with by Levelliers et al. (1974), Cha (19735a,b, 1976),
and Williams and Morrison (1979); however, the kinetic
treatment of the progress of the substrate reaction in the
presence of the inhibitor and data analysis are different from
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that proposed in the present series of studies. In this paper,
analysis of the kinetic data of trypsin inhibition by its specific
inhibitors with this method shows that PTT! inhibits apparently
irreversibly, whereas inhibition by OTI and STI is reversible
and an intermediate is discernible kinetically for STI. The
determination of the respective microscopic rate constants is
described.

EXPERIMENTAL PROCEDURES

Materials. Trypsin, PTI, and STI were from Sigma, and
OTI was from Rearal, Hungary. BAEE was from Dongfeng
Biochemicals, Shanghai. All other reagents were local ana-
lytical grade reagents used without further purification.

Methods. Stock solutions of trypsin were made in 0.001
N HCI, and the concentration was determined by absorbance
at 280 nm (Benmouyal & Trowbridge, 1966). The solution
was stored at 4 °C and used within 3 days. Activity mea-
surements were made at 25 °C with BAEE as substrate, and
its hydrolysis was followed continuously by the increase in A,s;
with Cary 219 or Shimadzu UV 250 spectrophotometers
thermostated at 25 °C. For kinetic studies, trypsin was added
to a reaction mixture containing both the substrate and the
inhibitor as specified in 50 mM Tris buffer, pH 7.8, containing
10 mM CaCl, to start the reaction. Unless otherwise specified,
final concentrations of trypsin, BAEE, and the inhibitor were
0.06, 890, and 4.8 uM, respectively, in a total volume of 3 mL.

The apparent rate constants for the inhibition of trypsin by
its specific inhibitors were also determined at 25 °C by the
conventional method in a Durrum D-115K stopped-flow ap-
paratus equipped with a Model D-132 multimixing system.
Syringe A contained the enzyme and syringe B the inhibitor
at an equal concentration. At zero time equal volumes of these
were mixed, and after different times of incubation, usually
from 20 ms to 5 s, these were again mixed with an equal
volume of the reaction mixture in 50 mM Tris buffer, pH 7.8,
containing 0.5 mM BAEE and 10 mM CacCl, in syringe C to
start the reaction in a total volume of 0.6 mL. Final con-
centrations of the enzyme and the inhibitors were, for PTI,

! Abbreviations: PTI, bovine pancreatic trypsin inhibitor; OT], ovo-
mucoid trypsin inhibitor; STI, soybean trypsin inhibitor; BAEE, ben-
zoylarginine ethyl ester.
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FIGURE 1: Hydrolysis of BAEE at different concentrations by trypsin
in the presence of PTI. The enzyme concentration was 0.06 uM, and
the concentration of PTI was 4.8 uM. Curve 0 is control without

inhibitor, and curves 1-4 are progress curves with 890, 668, 445, and
223 uM of BAEE, respectively.
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FIGURE 2: Semilogarithmic plots of log ([P]. — [P]) against ¢ for the
data given in Figure 1. The numbering of the lines is as for Figure

0.75 uM, for OT1I, 0.37 uM, and for STI, 0.57 uM. The initial
straight-line portion was taken as a measure of the activity
remaining at the time indicated.

RESULTS

Bovine Pancreatic Trypsin Inhibitor. Figure 1 shows the
hydrolysis of BAEE at different concentrations in the presence
of trypsin and PTI. It can be seen that with the lengthening
of reaction time, the concentrations of product formed ap-
proach finite values, [P]., which decrease with decreasing
concentrations of the substrate. This is as expected for com-
petitive irreversible inhibitors from the relation [P]. =
VIS1/ksKy[1] (Tsou, 1965a,b; Tian & Tsou, 1982), in which
V is the maximal velocity without inhibitor, Ky is the Mi-
chaelis constant, k, is the rate constant for the binding of the
inhibitor with the enzyme, and [S] and [I] are substrate and
inhibitor concentrations, respectively. The apparent rate
constant, A, can be obtained directly from the [P]., values by
the relation [P]. = v/A[I], where v is the uninhibited reaction
rate under otherwise identical conditions, or, alternatively, from
the slopes of semilogarithmic plots (Figure 2) according to eq
1. A plot of 1/A4 against the substrate concentration, [S],

log ([P]. — [P]) = log [P]. — 0.434A[I} (1)
shows that PTI is a competitive irreversible inhibitor as ex-
pected (Figure 3a), and as shown in eq 2, from the intercept

S
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FIGURE 3: Determination of k3 for the inhibition of trypsin by PTI
from apparent rate constants measured at different [S] concentrations.
Conditions were as for Figure 1. (a) Plot of 1/4 against [S]; the y
intercept gives 1/k3. (b) Plot of A4 against Ky/(Kpy) + [S)]; the slope
gives k.
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FIGURE 4. Hydrolysis of BAEE by trypsin in the presence of OTI.
The control is indicated by 0, and concentrations of OTI for curves
1-4 were 0.87, 1.3, 1.73, and 3.46 M, respectively.

on the y axis, the microscopic rate constant, k;, for the reaction
of the inhibitor with the enzyme can be obtained (Tian &
Tsou, 1982). However, with high k; values as in the present
case, the line intercepts the y axis at a point close to the origin,
and consequently it is difficult to evaluate k5 accurately. An
alternative way to obtain kj; is to plot 4 against Ky /(Ky +
[S]), and the slope gives directly the value of k; as shown in
Figure 3b.

Ovomucoid Trypsin Inhibitor. Similar plots of the substrate
reaction in the presence of OT1 at different concentrations give
a series of curves that, unlike the reactions in presence of PTI,
do not approach finite values of [P].. with the lengthening of
reaction time but a series of straight lines with positive slopes
(Figure 4). Such a situation can arise either from a slow but
reversible binding of the enzyme with the inhibitor or from
some residual activity of the irreversibly formed EI complex.
These two possibilities can be easily differentiated. If the
enzyme-inhibitor association is reversible, the slopes of the
straight lines should decrease with increasing inhibitor con-
centrations. On the other hand, if the EI complex is partly
active, the slope of the straight lines should remain constant
with higher inhibitor concentrations, but the approach to the
straight line portions of the curves should become faster (Tsou,
1965b, 1988). An inspection of the curves in Figure 4 makes
it clear that the former is the case, and the reaction between
OTI and trypsin is reversible as indicated in
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The equation for product formation when the reaction be-
tween the inhibitor and the enzyme is reversible has been given
before as (Tsou, 1965b; Tian & Tsou 1982)

B A[)

[Pl =v A+ Bt + Gl + By

(1= etanany | (4)

where v is the reaction rate in the absence of the inhibitor and
B the apparent rate constant for the reverse reaction. When
t is sufficiently large, the curves become straight lines with
slopes s = vB/(A[1] + B) and y-axis intercepts i = vA[1]/(A[l]
+ B)?

vBt vA[I]
(4[1] + B)  (A[1]+ B)?

[P] = (%)

The apparent rate constants for the forward, 4, and reverse,
B, reactions can then be obtained.
Alternatively, subtracting eq 4 from eq 5 gives

A[I]

—— e p—(A[1]+B)t
An + B (©)

[P]calc - [P]obs =

where [Pl and [P]., are the product concentrations as
calculated from eq 5 and the value actually observed, re-
spectively. A plot of log ([P]eic — [Plos) 2gainst ¢ should give
a series of straight lines at different concentrations of the
inhibitor with slopes of ~(A4[I] + B). The apparent forward
and reverse rate constants, 4 and B, can then be obtained. The
value of B gives directly the microscopic rate constant, k_j,
and the value of k; can be obtained by suitable plots of A4
against [S] similarly as before either by a plot of 1/A4 against
[S] or by a plot of 4 against Ky/(Ky + [S]) as shown in parts
a and b of Figure 5. The results of the 1/4 against [S] plot
also show that, like PTI, OTI is a competitive inhibitor as
expected. Furthermore, a plot of 1/4 against [I] results in
a straight line parallel with the x axis (Figure 5c¢), showing
that no complex is formed prior to the inactivation step (Tian
& Tsou, 1982).

Soybean Trypsin Inhibitor, The course of substrate reaction
in the presence of STI as shown in Figure 6 is similar to those
for OTI in that straight lines with positive slopes are ap-
proached without reaching finite values of [P].. However,
a plot of log ([P]cac — [Plays) against ¢ in the case of STI gives
a curve that can be resolved into two straight lines as shown
in Figure 7, suggesting the formation of an intermediate for
the binding of trypsin with this inhibitor. Included in the same
figure for comparison is a similar plot for OTI that gives a
single straight line. From the above, the mechanism of the
inhibition of trypsin by STI appears to be a reversible and
two-step process as given in

ky '
S+E=—2ES —=E + P (7)
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FIGURE 5: Plots to obtain the microscopic rate constants for the
inhibition of trypsin by OTI. (a) Plot of 1/4 against [S]. (b) Plot
of A against Ky /(Ky + [S]). (c) Plot of 1/4 against [I], showing
noncomplexing inhibition.

It can be shown (see Appendix) that the formation of
product [P] with time is

[P] = vt + P~ ciet! — cpe™? 3)

However, as shown in Figure 7 the plot of log ([Pl = [Plow)

against time gives the curve resolvable into two straight lines
with slopes of r, and r,, which are

k3 Kml[1]
ket [S]

kSKm[I] 2
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4(k_3k-4 + (kg + k4)K3 :[[s]] )] ] 9)

For each inhibitor concentration, a set of r, and r, values can
be obtained, and it can be shown that

X k3K [T]
=l kst kst k +

kSKm

r1+r2=k_3+k4+k_4+m

(1]

rry = kak g+ (kg + ky) (1] (10)
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FIGURE 6: Hydrolysis of BAEE by trypsin in the presence of STI.
The control is indicated by 0, and concentrations of STI for curves
1-4 were 0.75, 1.07, 1.71, and 2.68 uM, respectively. Enzyme con-
centration was 0.075 uM, and substrate concentration was 500 uM.
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FIGURE 7: Plot of log ([P]cac — [Plows) against ¢ for the inhibition of
trypsin by OTI and STI. Data are taken from curve 1 in Figure 4
for OTI (1) and from curve 3 in Figure 6 for STI (2). The deviation
from the straight line in curve 2 gives the straight line 3 for the fast
phase of inhibition by STI.

Table I: Microscopic Rate Constants of Trypsin Inhibition by Its
Specific Inhibitors

10% app rate
constant?
microscopic rate constants M-1sh
106k3 106k.] 10_3k‘ 10_3k_4 this
inhibitor (M7's!) (M?sl)y (s) (s') paper lit.

PTI 0.37 0.59 0.28-1.1
OTI 1.5 0.4 1.3 22-34
STI 36 2,67 1.58 075 6.1 5.6-20

9The apparent inhibition rate constants were determined in the
present investigation with a stopped-flow apparatus at pH 7.8, 25 °C.
For sources of literature values, see text.

From the plots of r; + r, and r,r, respectively against [I], the
microscopic rate constants k4, k_3, k4, and k4 can be obtained.
These plots are shown in Figure 8 and the rate constants
summarized in Table I.

Constants Determined by the Conventional Method. For
the study of the kinetics of the course of enzyme inhibition,
the advantages of the present approach, following the course
of reaction in the presence of both the enzyme and the in-
hibitor, over the conventional method, taking aliquots from
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FIGURE 8: Plots to obtain the microscopic rate constant for the
inhibition of trypsin by STI. The slopes, r; and r,, are obtained for
each STI concentration, and the values of (a) r, + r, and (b) r;r; are
plotted against [I] to give the rate constants k3, k.4, k4, and k_4. For
details, see text.
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FIGURE 9: Course of hydrolysis of BAEE after different times of
incubation of the enzyme with OTI. The reaction was started by
adding 0.2 mL of the substrate to reaction mixtures containing 2.8
mL of both enzyme and OTI after times of incubation of 5, 20, 45,
and 60 s for curves 1-4, respectively. Curve O represents the reaction
in the absence of the inhibitor. Final concentrations of the substrate,
enzyme, and OTI were 0.5 mM, 0.5 uM, and 0.5 uM, respectively.

an incubation mixture of the enzyme with the inhibitor at
different time intervals for the measurement of remaining
activity, have been discussed before (Tsou, 1965b, 1988; Tian
& Tsou, 1982; Wang & Tsou, 1987). For slow binding re-
versible inhibitors, the conventional method has the added
disadvantage that when the incubation mixture containing the
enzyme and the inhibitor is diluted into the reaction mixture
containing the substrate, the dissociation of the EI complex
cannot be entirely avoided. The fractional activity remaining
would depend on how fast the activity can be assayed after
the dilution of the enzyme—inhibitor complex into the reaction
mixture.

Figure 9 gives such an example in which after different times
of incubation of OTI with the enzyme, the reaction was started
by a small volume of the substrate to avoid unnecessary di-
lution. The hydrolysis of BAEE was then followed, and the
gradual increase in the rates of hydrolysis is evident from the
courses of reactions shown. The residue activity remaining
depends very much on the time intervals taken for the mea-
surement of the “initial” reaction rates. It is also evident from
Figure 9 that for the particular case of inhibition of trypsin
it is practically impossible to obtain the true initial rate and
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consequently to determine the apparent rate constant accu-
rately by manual operation. In the present investigation,
measurements were made with a stopped-flow apparatus
equipped with 2 multimixing system to obtain the true initial
rates after the enzyme—-inhibitor complex was diluted into the
substrate-containing reaction mixture. The results thus ob-
tained for the apparent inhibition rate constants for PTI, OTI,
and STI are also listed in Table I. It can be seen that the
apparent inhibition rate constants thus obtained by the con-
ventional method are in satisfactory agreement with the mi-
croscopic rate constants, k,, obtained for the association step
of the enzyme with the inhibitors. Furthermore, these are also
in accord with the values reported in the literature obtained
by the conventional method (Green, 1957; Putter, 1967;
Haynes & Feeney, 1968; Levilliers et al., 1974) or by directly
measuring the enzyme-inhibitor binding rate with physico-
chemical methods with a stopped-flow apparatus (Luthy et
al.,, 1971). The ranges of the values reported in the literature
for these inhibitors are also included in Table I for comparison.

DISCUSSION

For the interaction between trypsin and its inhibitor the
following has been proposed as a standard overall mechanism
(Findenstadt & Laskowski, 1965; Finkenstadt, 1974; Quast
et al., 1978):

E+Il=L=C=X=L*=E+1I* (11)

L and L* are loose, noncovalent complexes that are rapidly
dissociable, I* is the modified inhibitor, C is the stable en-
zyme—inhibitor complex, and X is the relatively stable inter-
mediate before the chemical modification step. As the loose
complexes L and L* are likely to be present in significant
amount only at high inhibitor and enzyme concentrations and
steps leading to the formation and subsequent reaction of these
complexes are probably rapid reactions, the above can be
simplified to (Laskowski et al., 1981)

E+I=C=X=E+1I* (12)

This is identical with the scheme presented above for STI.
However, it should be pointed out that as inactivation rates
were measured in the present study and C is the first relatively
stable inactive complex, it is likely that the rate constants of
the steps leading to the formation of CCE+I1=L =Cineq
11 above, have been determined. The present investigation
was carried out at pH 7.8, and it is unlikely that the step
representing the hydrolysis of the susceptible bonds of the
inhibitors, which has minimal rates at this pH for these in-
hibitors (Finkenstadt, 1974), can affect the results obtained.

Although the original kinetic treatment of the rate of en-
zyme inhibition was intended for both reversible and irre-
versible inhibitions [Tsou, 1965a,b; see Tian and Tsou (1982)],
useful results have hitherto been obtained on irreversible in-
hibition kinetics only. This investigation shows that for the
analysis of the kinetics of inhibitions by slow and reversible
inhibitors the present approach of following the course of the
substrate reaction in the presence of the inhibitor is equally
applicable and has produced useful results. The kinetics of
the tight binding trypsin inhibitors have been studied by earlier
workers using usually the conventional method of following
the course of inhibition by taking aliquots from the enzyme-
inhibitor mixture at different time intervals and assaying for
activity remaining (Green, 1957; Putter, 1967; Haynes &
Feeney, 1968). Because of the inevitable dissociation of the
enzyme—inhibitor complex upon dilution, especially in the
presence of the substrate as shown in the present study, reliable
results could only be obtained if care were taken to avoid
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unnecessary dilution and to take as far as possible the initial
velocity for the measurements of the activity remaining. The
latter, of course, can best be done with a stopped-flow appa-
ratus (Engel et al., 1974).

Kinetic treatments of the substrate reaction during the
action of slow and tight binding reversible inhibitors have been
given by Levilliers et al. (1974), Cha (1975a,b, 1976), and
Williams and Morisson (1979) as recently reviewed by
Morrison and Walsh (1988). The tangents of the progress
curve of the substrate reaction in the presence of the inhibitor
were estimated by Cha (1976b) to obtain the rate of the
substrate reaction at different time intervals of the reaction
of the inhibitor with the enzyme for the determination of the
rate constants. Although the equations describing the course
of substrate reaction in the presence of the inhibitor given by
Levilliers et al. [eq 6 in Levilliers et al. (1974)] and by
Williams and Morrison (1988) are similar to an equation
originally presented by one of us [Tsou, 1965b, eq 8; see also
Tian and Tsou (1982)], the methods of analysis of the results
are entirely different. As shown in the present investigation,
the approach of following the progress curve of the substrate
reaction in the presence of the inhibitor has the advantages
of not only being able to deal with reactions too fast to be
conveniently followed by taking aliquots from the reaction
mixture at different time intervals but also in providing useful
information in the mechanism of action of the inhibitors and
in the determination of the microscopic rate constants.

Among the inhibitors studied, it is interesting to note that
only PTI follows apparently irreversible kinetics as [P] ap-
proaches a constant value with increasing reaction time. As
finite time intervals only can be followed experimentally, the
above results do not exclude the possibility of reversible enzyme
inhibitor binding with a dissociation rate too slow to be de-
tected during the time interval under observation. In this
connection, it is interesting to note that the dissociation rate
constant was reported to be 6.6 X 107 s7! by Vincent and
Lazdunski (1972) for the complex of trypsin with this inhibitor.
In fact, it is so stable that the dissociation is a slow process
even in 8 M urea or 6 M guanidine (Levilliers et al., 1970).
The difference between PTI and OTI on the one hand and STI
on the other may also be explained by a large difference in
the magnitude of the respective rate constants for PTI and
OTI, so that only one of these can be obtained. The three
inhibitors studied in the present paper belong to different
families classified according to their amino acid sequences and
the structures of their disulfide bonds (Laskowski & Kato,
1980). The fact that they behave differently may not be
entirely accidental. Whether the difference in kinetic behavior
is in any way related to the difference in their chemical
structures among members of different families of trypsin
inhibitors will be well worth looking into.

APPENDIX

The scheme for substrate hydrolysis catalyzed by trypsin
in the presence of STI can be written

&y ka
S+ET———ES—E+ P (A1)
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+
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[Eq] = [E] + [ES] (A2)
[Elo = [Eq] + [EI] + [EI'] (A3)
The rate of formation of [EI’] can be written
d[El'] d[Ef] d[EI]
& Tar B

dt
k+4[EI] = k_(([Elo - [E1] - [EI]) (A4)
From the relation d[Eg]/dt = k_,[EI] — k,[E][I], it can be

shown that
k Km d[E
3 [I]) [ 1]

i) Y
BT T KL+ (8] dt

ds?
K11

[k_gk_4 + ky(k_y + k4)m

][ET] —k_3k4[Elo =0
(A5)

and

[Er] =

R I—— k_3k_4[Eq] (A6)

mm+mm+maf§m

where a; and g, are constants and r, and r, are given by
kSKm[I]
kot [S]

kSKm[I] 2
k_3+k_4+k4+_ -

r = l/z[k-3+k-4+ k4+

Kn + [S]

ksKal1] )]
4 k_sk_g+ (kg + k4)KT[S]-

kSKm[I]
Ko+ [S]

kSKm[I] 2
Ko +1S1)

( hmm)r1
A kosk_y + (kg + ky) (A7)

ro= Al kat kgt ket

[(k_3 Fhy+ ky+

Kn + [S]

The formation of the product at time ¢ is then
[P] =
k.gk_4Ut

+ P/ =g — g

Kn(l]

k_sk_y + ky(k_y + k4)‘,‘<‘+—[S]

(A8)

where v is the reaction rate in the absence of the inhibitor and
P’is given by

PP=Ci+C=
v———kaKm[I] -(-vg)r v——ksKm[I] - -vy)r
kg + [S] 2 TKn+ [S] b
(ry = rny (ry = r)r

(A9)
As ¢ approaches infinity, the above becomes a straight line
[P] = vt + P/ (A10)

and subtracting eq A8 from eq A10 gives
[Pleaie = [Plops = Cre™' + Cpe™ (A1l)

It can be seen from eq All that in a plot of log ([P]eic = [Plows)
against ¢, as given in Figure 7, the curve obtained can be
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resolved into two straight lines with slopes of r; and r,, re-
spectively, and r; + r, and rr, are

kSKm
ntr=ky+k+k,+ m[l]

kSKm
nry = kkog + (kg + k4)m[11 (A12)

The microscopic constants kj, k.3, k4, and k_4 can then be
calculated from the slopes and the intersects of the straight
lines obtained by plotting r, + r, and r,r,, respectively, against
(1l.

Registry No. STI, 9078-38-0; PTI, 9087-70-1; trypsin, 9002-07-7.
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Linking Number Anomalies in DNA under Conditions Close to Condensation!
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ABSTRACT: Changes in linking number and the apparent winding angle of pBR322 DNA have been evaluated
in mixed ethanol-water solvents containing either Na or Mg as the major counterion contributing to the
electrostatic shielding of the duplex. The average number of superhelical turns () produced in the standard
electrophoresis buffer (Tris—borate~-EDTA, pH 8.0) by the transfer of DNA, relaxed in 200 mM NaCl,
10 mM NaH,PO,/Na,HPO,, and 2 mM EDTA, pH 7, by calf thymus topoisomerase or ligated in 6.6 mM
MgCl,, 1 mM KCl, 1 mM ATP, 1 mM dithiothreitol, and 66 mM Tris, pH 7.6, by T4 ligase, was determined
as a function of the EtOH concentration. At low enzyme concentrations, the 7 values became increasingly
more positive in the presence of both cations as the ethanol concentration increased, indicating that the duplex
structure was overwound in the ethanol solvents. Winding angle changes between 0 and 20% ethanol,
calculated from these values of 7, exhibited the same correlations with CD spectral properties as had been
previously observed for 100% aqueous systems containing monovalent cations [Kilkuskie, R., Wood, N.,
Shinn, R., Ringquist, S., & Hanlon, S. (1988) Biochemistry 27, 4377-4386]. The results at higher con-
centrations of ethanol (25-30%), however, were anomalous for the Mg-ligase system. The anomalies increased
with higher ethanol, ligase, or Mg concentration. Gel run under these conditions showed enhanced con-
centrations of slow-moving components, indicative of ligation of intermolecular associated DNA species.
At a 10-fold higher level of ligase, ethanol appeared to unwind the duplex, confirming the results of Lee,
Mizusawa, and Kakefuda [(1981) Proc. Natl. Acad. Sci. US.A. 78, 2838-2842]. All of these anomalies
occur under solvent conditions which are close to conditions which produce a heterogeneous dispersion of
sedimenting species in ultracentrifugal experiments and compact rodlike structures, visualized by electron
microscopy. The circular dichroism spectra at the onset of the formation of these structures show the
characteristics of a chirally packed array of DNA duplexes. The reversal of the trend of the ethanol effect
on linking number at higher enzyme and Mg(II) concentrations can be most easily explained by the promotion
of the condensation phenomenon by either the ligase or a contaminating factor in the preparation. We suggest
that the anomalies in the linking number and winding angle values are due to either ligation of chirally
bent DNA species or a change in the helical period as the linear DNA adapts to the conformation required
for collapse. At ethanol concentrations well below that required for DNA collapse, the average change
in winding angle calculated from the relative linking number appears to be valid and independent of whether
the relaxed DNA species was produced by the topoisomerase or the ligase. In the absence of condensation
effects, CD changes are also a reliable index of small average winding angle changes in random-sequence
B-form DNA in ethanol. Winding angle changes cannot, however, be reliably evaluated by gel methods
at or close to conditions where chiral collapse or condensation of DNA occurs.

A number of observations conducted with random-sequence
DNA have confirmed the correlation between winding angle
changes and the circular dichroism (CD)! spectral properties.
As long as an average B backbone geometry is mainained, an
increase in the average winding angle of DNA in aqueous
solutions is accompanied by a decrease in the rotational
strength of the positive band above 260 nm in the CD spectrum
(Johnson et al., 1981; Baase & Johnson, 1979; Chan et al,,
1979; Kilkuskie et al., 1988). The conditions which produce
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changes in winding angle almost certainly produce other
structural changes and have extraneous ion and solvent effects,
but these seem to be coordinated with the winding angle
changes. Thus, winding angle changes produced by the co-
valent attachment of a charged amine in the groove of the
duplex have the same effect on rotational strength as do
changes in the electrolyte content of the aqueous solvent en-
vironment (Kilkuskie et al., 1988).

Prior to undergoing the B — A transition in mixed aque-
ous—alcohol solvents, the CD spectra of a variety of DNAs

! Abbreviations: EDTA, sodium ethylenediaminetetraacetate; EtOH,
ethanol; CD, circular dichroism; bp, base pair(s); Lk, linking number;
Wr, writhe; Tw, twist; DTT, dithiothreitol; SDS, sodium dodecyl sulfate.
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