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Figure 5. Stereodrawing of the contents of two unit cells.

bottom to top {from 0 to 2¢) and b goes into the page.
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Abstract:
amine with lysozyme.

Nuclear magnetic resonance methods were used to study the interaction of N-acetyl-a-and -3-D-glucos-
The association constant and bound chemical shift of the acetyl protons of each anomer

have been determined as a function of pH. These results are interpreted in terms of the amino acid residues in the

active site of lysozyme.

mportant clues in elucidating the mechanism of

action of an enzyme can be gained from a study of
the pH dependence of substrate and inhibitor binding
to the enzyme. Ribonuclease,® a-chymotrypsin,?®*
and lysozyme,®—¢ for example, have received detailed
study. In the case of lysozyme, both the rates of
cleavage of polysaccharide substrates and the in-
hibition by saccharides are pH dependent.

Several workers have used ultraviolet spectroscopy
methods to study the pH dependence of the inhibition
of lysozyme by N-acetyl-a-D-glucosamine (a-NAG)?
and tri-N-acetyl-D-glucosamine.4—¢ Their results show

(1) (a) Harvard University; (b) National Science Foundation Pre-
doctoral Fellow; (c) Stanford University.

(2) (a) T. C. French and G. G. Hammes, J. dmer. Chem. Soc., 87,
4669 (1965); (b) J. R. Garel and B. Labouesse, J. Mol. Biol., 47, 41
(1970), and references therein; (c) J. McConn, G. D. Fasman, and G. P.
Hess, ibid., 39, 551 (1969), and references therein.

( 9(2;)0 J. Kowalski and P. R. Schimmel, J. Biol. Chem., 244, 3643
1 .

(4) S. 8. Lehrer and G. D. Fasman, Biochem. Biophys. Res. Commun.,
23, 133 (1966).

(5) J. A. Rupley, L. Butler, M. Gerring, F. J. Hartdegen, and R.
Pecoraro, Proc. Nat. Acad. Sci. U. §., 57, 1088 (1967).

(6) F. W. Dahlquist, L. Jao, and M. Raftery, ibid., 56, 26 (1966).

In addition, several models for lysozyme dimerization are tested.

that a plot of the association constant vs. pH is bell
shaped, indicating that at least two ionizable groups
are involved in the lysozyme mechanism.

Nuclear magnetic resonance methods have also been
used to study the interaction of inhibitors with lyso-
zyme,”~!% and Dahlquist and Raftery have studied the
pH dependence of the 8-methyl-N-acetyl-D-glucosamin-
ide (3-MNAG) inhibition of lysozyme by thesemethods.®
The advantage of nmr methods is that a study of the
observed chemical shift or relaxation times of nuclei on
the inhibitor molecule as a function of inhibitor and
enzyme concentration at a given pH yields not only
the association constant at that pH, but also the
chemical shift or relaxation times of those nuclei in the
enzyme-inhibitor complex. These parameters char-

(7) M. A. Raftery, F. W. Dabhlquist, S. I. Chan, and S. M. Parsons,
J. Biol. Chem., 243, 4175 (1968).

(8) F. W. Dahlquist and M. A. Raftery, Biochemistry,7,3269 (1968).

(9) F. W. Dahlquist and M. A. Raftery, ibid., 7, 3277 (1968).

(10) F. W, Dahlquist and M. A, Raftery, ibid., 8, 713 (1969).

(11) M. A, Raftery, F. W. Dahlquist, S. M, Parson, and R, G. Wol-
cott, Proc. Nat. Acad. Sci. U. S., 62, 44 (1969).

(12) B. D. Sykes, Biochemistry, 8, 1110 (1969).

(13) B. D. Sykes and C. Parravano, J. Biol. Chem., 244, 3900 (1969).
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acterize the environment of the bound inhibitor, and
their magnitude and pH dependence can often be re-
lated to the details of the interactions involved.

The present paper is a nmr study of the pH de-
pendence of the association constant and the bound
chemical shift for the interaction of a-NAG with
lysozyme and for the interactions of «- and 5-NAG
with lysozyme in a mutarotated solution of the two
anomers. The results for the pH dependence of the
a-NAG association constant are compared to those
obtained by Kowalski and Schimmel,? and the various
models proposed by Sophianopoulos!‘ for the high pH
dimerization of lysozyme are tested. The pH de-
pendence of the association constant and the bound
chemical shift for a-NAG and 8-NAG are compared
with the results for 5-MNAG.? An interpretation of
these results is presented based upon the effects of
amino acid residues which have been shown to be
in the active site by X-ray crystallography.!s

Theory

The nuclear magnetic resonance spectrum of nuclei
on an inhibitor molecule which rapidly exchanges
between solution and the active site of an enzyme is
the weighted average of its spectrum in solution and
bound to the enzyme. In a solution of two mutarotated
sugar anomers and an enzyme to which they bind, the
general equation for the observed chemical shift, §,;, for
a nucleus on one of the inhibitor molecules, is

AeiKes i Z

601’ - 61 =
1 + KesiZ

M

where
(Eo — Iy — (1/Ke)) +

V(E, — I, — (1/Ks))? + 4E/R s
2

if only one inhibitor can bind to the enzyme at a time
(Appendix I). 6, is the chemical shift in the absence of
enzyme, i = a, 8, and E, and I, are the initial concen-
trations of enzyme and inhibitor, respectively. No as-
sumptions are made about the number of ionizable
groups or binding sites on the enzyme. A.; and
Keq ; are appropriate weighted averages of the chemical
shifts and association constants for the various sites
and ionization states of the enzyme. K. is an average
of the a and B8 K.4’s, weighted by the fraction of each
anomer present at equilibrium

Keﬁ = paKeE,a + (1 - pa)Keﬁ,ﬁ
If only one anomer is present, eq 1 reduces to

5 5 A i Ko i Z'
T T I+ K2

where Z’ is equal to Z with K. replaced by K.s;.
This expression can be shown to be equivalent to the
expression derived by Sykes and Parravano for 6,; —
§,.12

If the enzyme is able to form dimers, the effect of
dimerization on §,; must be taken into account. We

Z =

@

(14) A.J. Sophianopoulos, J. Biol. Chem., 244, 3188 (1969).

(15) (a) D. C. Phillips, Proc. Nat. Acad. Sci. U. S., 57, 484 (1967);
(b) D. C. Phillips and V. R. Sarma, Proc. Roy. Soc., Ser. B, 167, 378
(1967).

have treated three cases under the assumptions that:
(1) there is only one ionization in the pH range where
dimerization occurs, (2) only the deprotonated form is
able to form dimers, and (3) the dimerization process
either leaves an active site unaffected or blocks it
completely (Appendix II). In the first case, in which
both sites are unaffected, eq 1 or 2applies. Inthe second
case, where one site is unaffected and the other blocked,
the appropriate equation for §,; when only one anomer
is present is

AIJEQK 1]
60;’ - 61 =
AL+ 08 T ks
SLEJK(1 + [11K) }‘/f )
1 -
<{ t T+ [HC (0 + K L)X

{(1 + [HICw*(1 + [I]Keﬁ)2} %

41 + [1K)
{ KeEAeE _ AK } (3)
1+ MK  2(1 + {1IK)

where K, is the enzyme dimerization constant, [I] is
the concentration of free inhibitor, [H] is hydrogen
ion concentration, Cy is the ionization constant, and
A and K are the bound chemical shift and association
constant for the dimer site. If both sites are blocked,
eq 2 applies with the substitution of

= (4 HICA + MIKen)® o
4K,

EO.SDP

<‘/1 N 8[Eq]Ka
(I + HICw*( + [HlKe)?

- 1) C))
for E,in that equation.

Computer programs are used to evaluate all data.
In each case, the chemical shifts, [E,], and [I,] are read
in, and parameters such as K, are specified. The
program calculates a least-squares fit to the observed
chemical shifts for each K.g within a specified range of
trial values. The slope of the least-squares fit then
gives Ay for that K.g. The trial K.s which gave the
smallest root-mean-square deviation was taken as K.g.
There was only one minimum in the computer fit of the
data of our experiments.

Experimental Section

Materials and Methods. P-L Biochemicals lysozyme (lot LY-4;
crystallized twice, dialyzed, and lyophilized) was used without
further purification. «-NAG ([«]*p +81°, lit.16 4-82°) was
obtained from Aldrich Chemical Co. Citrate buffer (0.1 M) was
used for all experiments, except those above pH 7.5 where 0.1 M
phosphate buffer was used. Acetone was added as an internal
standard (0.6%, v/v). All pH’s were measured at 32 £ 1° and
after the enzyme, typically 25 mg/ml, had been added to the buffer
solution.

All spectra were obtained on a Varian HA-100 spectrometer
operating in the frequency sweep mode while locked on a concentric
capillary of hexamethyldisilazane. The probe temperature of the
spectrometer was 32 &= 1°.

The spectra of «-NAG were run quickly in order to minimize
mutarotation to the equilibrium mixture of «- and 8-NAG. The
nmr tubes, enzyme solution, and weighed amounts of solid o-NAG
were thermostated at the probe temperature before the run. For
each data point, 1.0 ml of enzyme solution was then added to the
solid a-NAG, part of the resulting solution put into a nmr tube, and
the spectra of the a-NAG acetyl peak were taken at a specific time
after the mixing of the enzyme and the «-NAG. This time was

(16) R. Kuhn and F. Haber, Chem. Ber., 86, 728 (1953).
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Figure 1. The association constant, Ke¢t.., for «-NAG vs, pH:
———, data analyzed using eq 2;---, results of Kowalski and
Schimmel,?
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Figure 2. The association constant for «-NAG vs. pH, data anal-
yzed using eq 3.

always less than 3 min. During this time no resonance corre-
sponding to B-NAG was observed. The spectrum of acetone,
the internal standard, was then taken at a constant time later.

The mutarotated solutions, prepared from o-NAG, were allowed
to stand for at least 3 hr before each run. The relative concen-
trations of o- and 3-NAG were determined at each pH from the
measured optical rotations,

Lysozyme, Results

I. «NAG and Lysozyme. The observed chemical
shift of the acetyl resonance of a-NAG as a function of
a-NAG and lysozyme concentrations was analyzed
using eq 2. The results for the association constant
of the a-NAG-lysozyme interaction are plotted as a
function of pH in Figure 1. For comparision, the
association constant curve reported by Kowalski and
Schimmel? is also shown in Figure 1. Both curves are
bell shaped, but the two deviate substantially at high
pH. One expects to correct the results of the present
work for dimerization at high pH, since the enzyme
concentration is higher in the present work than in the
ultraviolet spectroscopy work. Three models for
dimer binding of a-NAG were tested (Appendix II).
The results for the association constant, analyzed using
€q 3, are presented in Figure 2. This brought the
present results into agreement with those of Kowalski
and Schimmel, while agreement was not obtained using
eq 4. The value of the dimerization constant was
taken from Sophianopoulos.!* The plot of A vs.
pH obtained using eq 3 is shown in Figure 3.

II.  Mutarotated Solutions. Figure 4 shows spectra
of mutarotated solutions of approximately constant
NAG and lysozyme concentrations at pH 2.05, 3.93,
5.51, and 7.69, showing the large differences between
a- and 3-NAG as a function of pH. Coincidence of the
acetyl resonances of - and 8-NAG was observed at all
concentrations of NAG and lysozyme at pH 2.05 and
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Figure 3. The bound chemical shift of the acetyl protons of a-NAG
vs. pH.
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Figure 4. Typical spectra of acetyl resonances of «- and 8-NAG
in the presence of lysozyme as a function of pH; [NAG] =~ 0.015 M;
[lysozyme] =~ 0.0025 M.,

3.00. Association constants for B-NAG were cal-
culated using the effective a-NAG association constants
from Figure 2, the observed K .4 from an analysis of the
data using eq 1, and the anomeric equilibrium constant
measured from optical rotation data at each pH. The
equation used is Kegs = (Keg — paKeso)/(l — pao).
Putting Keg., = 31 M-! and the 8 shifts at low pH
into eq 1, one obtains Kegg = 31 M~! and Aegs = 73
Hz. Thus, as expected from the peak coincidence at
low pH, Kegs = Kego and Aegg = Aeg, come out of
the mutarotated solution analysis. The values obtained
for Kess and A.gg at pH 5.5 from the B shifts are 46
M~! and 39 Hz, respectively. The same value of Kegs
was not obtained from the « shifts, however. The
source of this discrepancy is not known, but may indi-
cate some deviation from 1:1 binding of NAG to
lysozyme. A detailed analysis of the high-pH binding
of B8-NAG was not attempted because of the com-
plications arising from dimer formation. It is obvious
however from the observed chemical shifts (Figure 4)
that, as in the case of a-NAG, the association constant
and/or bound chemical shift of 3-NAG falls off sharply
above pH 6.
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Figure 5. Binding position of NAG at low pH.!® The direction
of the B-NAG anomeric OH is indicated by the arrow and the acetyl
protons by the double underline.

Discussion

Interpretation of Nmr Results Based upon the X-Ray
Diffraction Model for Lysozyme. The plot of the
association constant for a-NAG vs. pH is bell shaped,
having inflection points at pK, = 4.7 and 6.1, and
maximal binding at pH = 5.2. The same plot for
B-MNAG is different, having only one break at pK, =
6.1, with better binding at the lower pH.? The results
for Aeg vs. pH are also different. For a-NAG, A
increases slightly in going from pH =~ 3 to pH =~ 5.2,
and then decreases sharply on going to pH = 7.
For 3-MNAG, A decreases through both pH ranges.?

An interpretation of these results can be made, based
upon a model for lysozyme constructed from Phillips’
coordinates.!> Three features of the binding of mono-
saccharides to site ““C”’ in lysozyme are important to
this interpretation. One is the relative closeness of
Asp-52 and Glu-35 to site “C.” The second is that the
direction of the anomeric OH group may be very
important in determining hydrogen bonds to residues
in the cleft of lysozyme. The third is the fact that the
changes in hydrogen bonding and the position of the
monosaccharide can result in large changes of the
position of the acetyl protons with respect to Trp-108.
The ring-current effects of Trp-108 are expected to be
the cause of the observed bound chemical shifts. ¥
Phillips enumerates the following binding contacts for
NAG in the site of lysozyme at ‘“pH 4.7.”!'> Both
a- and B-NAG make specific hydrogen bonds be-
tween the acetamido NH and carbonyl oxygen and

(17) C. E. Johnson, Jr,, and F. A. Bovey, J. Chem. Phys., 29, 1012
(1958).

the main chain CO and NH groups of residues 107 and
59, respectively. B-NAG also makes hydrogen bonds
between its O-3 and O-6 atoms and the NH groups on
the indoles of Trp-62 and -63, respectively, whereas
a-NAG is rotated about the acetamido hydrogen
bonds, making a hydrogen bond from O-1 to the back-
bone NH of residue 109.

The result that at low pH the K4’s for a-NAG and
B-NAG are equal (Kg = 31 M~1) and that the Ag’s
for a-NAG, -NAG, and 3-MNAG? are also equal
(A = 73 Hz) indicates that interactions at the anomeric
position are unimportant at low pH. The mono-
saccharide binding orientation which seems most
reasonable for low pH therefore is that suggested for
B-NAG by the X-ray diffraction results (Figure 5).

In going to pH =~ 5.2, the value of A for a-NAG
is only slightly changed while K. for a-NAG increases,
whereas the value of A for B-MNAG drops with K.
for B-MNAG remaining constant. The value of
As for B-NAG also drops through this pH range.
In addition, K.z and A for «-NAG (48 M-! and 78
Hz) are equal to Kg and Az for N-acetyl-a-D-gluco-
pyranosyl fluoride (46 M-! and 78 Hz).!'® These
results indicate that the interactions made with
the « anomer upon the deprotonation of the pK, =
4.7 residue, which has been identified as Asp-52,!°
can be made equally well with O-1 or F-1 and that
these interactions do not change the position of the
acetyl protons with respect to Trp-108. The creation
of a hydrogen bond to O-1 of a-NAG and the sub-
sequent rotation of the @ anomer around the acetamido
hydrogen bonds!s leave the acetyl protons near the
center of the face of Trp-108, and thus A.g, would not
be substantially affected. Interactions with the S
anomers, however, have a substantial influence on the
orientation of 8 saccharides in the active site in the
direction of lifting the acetyl protons off the center of
the face of Trp-108.

The changes occurring with the pKy = 6.1 ionization,
which has been assigned to Glu-35, would appear to
be more general. The A's of @-NAG, B-NAG, and
B-MNAG all decrease as this ionization occurs, and
Glu-35 is not close enough to site “C” to form any
direct bonds with monosaccharides bound there.
Changes in water structure or enzyme conformation
probably give rise to these changes, quite possibly
through effects upon nearby Trp-108.

Dimerization. Of the three models for the binding
of an inhibitor by the lysozyme dimer, only the ‘‘one
site blocked” model brings the a-NAG association
constant curve of the present work into agreement with
that of Kowalski and Schimmel.»* This result in-
dicates that the lysozyme dimerization is a ‘‘head-to-
tail”’ association, with the active site of one molecule
in the dimer binding some complementary part of the
other part of the dimer.?2! Sophianopoulos found this

(18) B. D. Sykes, unpublished results.

(19) S. M. Parsons and M. A. Raftery, Biochem. Biophys. Res.
Commun., 41, 45 (1970).

(20) While the high pH inflection point agrees closely with theresults
of Kowalski and Schimmel, there is a shift of the low pH inflection
point. This shift results from the difference in temperature between
the two studies, the trend being the direction determined in ref 3.

(21) It is not possible to rule out, however, that enzyme self-associa-
tion may not stop at dimers but rather involves infinite "'head-to-tail”
oligomers. 22

(22) R. C.Deonier and D, W. Williams, Biochemistry, 9, 4260 (1970).
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model to fit his results best,!¢ and found the pK of the
ionization necessary for dimerization to be 6,1, which
corresponds to glutamic acid 35.
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Appendix I
Consider a solution of a-NAG, 8-NAG, and lysozyme
in equilibrium with each other. The lysozyme may
exist in several states of protonation, E, EH, EH,,
which are related by the equilibrium expressions
IEH] _
(EXH] ~
[EHy] _
[EIH]:

1

2

[EH,] _
[EIH] ~ "

There may also be more than one site to which - and
B-NAG can bind, and let us consider the special case
in which only one NAG molecule can bind to a given
lysozyme molecule at a time. A set of equilibrium
equations may be written to express the affinity of
a-NAG or 8-NAG for a particular site when the enzyme
molecule is in a particular state of protonation. In
the case of binding sites j = 1,2,3.

[El] _ . [E/Is]

[EIL] [ElL,] %
[EHL] _ . [EHL] _
[EHJL] =" [EH][Ia] o1
[EHL] _ . EHL] _
[EHJL] =~ =% [EH, ]I %

The concentrations of free - and 8-NAG are related to
the total free NAG by the anomeric equilibrium

[Ia] = Pa([Ia] + [I]ﬂ)
el = (1 = p)([La] + [1eD

In the limit of fast chemical exchange, the observed
shift is

[11] [E L] [E;H,L]
601 = i ijo e iin
T Z([Imla’ T 6’)
[Ii] [E,1.H,]
[Ir ] oF j; kz=:0 [I74] du

where [I7,] is the sum of all forms of the anomer 7 and
i = a,8. Writing each bound chemical shift as 8, =
6, + A,y allows one to write

=8+ 3 S

i=1k=0

[E;1:H,]

A
]
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since

[d = (L] + 3 Y [ELH]
j=lk=0

Therefore

boi = b1 = PSS IERIK i =

[174]
{L]
[ITt]
The double sum looks like a weighted average of the
chemical shifts, except that it is not divided by the sum
of the weighting factors. Defining
[HI*C: Kl i
S R T TKIHIG,

[E]Z;[H]"CkaAm

then

bos = 80 = O EJAcn: S TKlHEC,

[z

The double sum of this expression may be divided by
SJ{HJ*C, and defined as the effective association con-
stant

eﬁi = Z/ZkKﬂk[H]kaZk[H]ka
5oy — 8, = L4 FAEISTHFC Kug e

[Ird]
But
g _ [1] _
Ur] (LI + 35,2 fENHFC.K )
1
1 4+ Keg {E]Y :C:[HF
Therefore

Aeﬁ,iKeE,i[E];[H]kck
I + K EIIHIC,

60:‘ - 61 =

In order to calculate é,; — 6; in terms of known quanti-
ties, it is necessary to calculate [E]Z,[H]*C;

[Eo] = 2 [EH,] + ;ZICI([E]-H;‘L,] + [EH, L) =
[EIXTHIC(1 + [L]Kena + [s1Ken0)

Recalling the anomeric equilibrium, it is possible to
write

[Ia]Keﬁ.a + [Iﬂ]Ket’fﬂ =

MN(PaKeta + (1 — p)Keas) = Kealll
where {I] = [L.] + [Ig] and Keg = paKega + (1 = pa)-
Kegp. Thus, [E¢] = [EJZJHFC(1 + [1]Kes). [Lo] =

I + ZZ(EH:L] + [EHdy] = [1}(1 + [E]Zs
[HFCyKeg). Let

[E]ZI;[H]"C;; =X

(1 + Keaflo])

[EO] = 1 + xKeg

X
(Eo — Iy — 1/R ) = (Eo— Iy — 1/R.)* + 4Eo/[Keg)'"
2
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The positive root is always the physically meaningful
one. Thus

Aeﬁ,iKeE.ix

boi — B = eliteniX
! 1 + Keﬁ,ix

where

X
(Bo — I — 1/Keg) + (Eo — Iy — 1/R)* + 4Eo/Kes)"
2

Appendix 1

Many models are possible for the interaction of an
enzyme dimer with an inhibitor of the monomer. We
have chosen, however, to limit our analysis to three
models which have the common feature that an active
site on the dimer either binds the inhibitor molecule in
the same manner as a site on the monomer or is com-
pletely unable to bind it. The three models are thus
one in which both sites on the dimer are unaffected by
dimerization, one in which one site is unaffected and
the other completely blocked, and one in which both
are completely blocked.

1. In the first model, dimerization and inhibitor
binding are independent processes. Consequently,
“a monomer or dimer active site’’ is equivalent to
‘““enzyme” in the equation for the monomeric enzyme
alone. Thus, the values of Az and K4 obtained in this
model are the same as those obtained in the one in
which the enzyme is entirely in the monomeric form.

2. In order to derive the expression for the model in
which one dimer site is blocked, we define [E;J/[E][E] =
Kq, [EIJ[E]I] = [EIJ/[E:]1]1 = K, [EH]/E][H] = Cuy,
[EHI]/[EH][I] = Ku. The bound chemical shift of I
in El and E;lis A; thatin EHI is Ay.

[[IIEOI]] { eﬂ[l + [H](;HKH]} n [FE;]O[]I] KA
where
Ay = KA 4 [HICyKuyAn
K + [H]CuKy
A. Calculation of [E;]. [E,] = [E] + [EI] +

[EH] + [EHI] + 2[E;] + 2[E.] = [E]{1 + K[I] +
(HICx(1 + [IKw)} + 2[EJ(1 + [11K). If we define

K + Ku[HICx
1 + [HICx

v = (1 + [HICa)1 + [1]Kea)

Keﬂ =

then

Eo — 2EJ(1 + (1K) = @ﬂ@

[m=£+%m+mmiMWm+

4EoJ(1 + [T1K))* — 16[EoJ*(1 + [1]K)*}""
8(1 + [11K)?

The negative root is the physically meaningful one, since

[E2)(1 + [1IK) = [Eq] + [Eq] < Y/5[Eq).
B. Calculation of [EI]
(Eo] — 2[E:](1 + [T]K) =

1
[EI]< + [IT(—'—

[HICu
(11K

+ SHCy)
MK

(T + THIC( + (K

(B - 2B + 1))

Combining this equation with the ones for [E.] and
00i — 0, yields

(EI] =

X

AITEJJK
LI + K
8[Eo]Ka(l + [1IK) }‘/2 _ >
{1+ T micd + e )X
$+m&m+m@@

4 + [K)

m
* ks <

501— t =

X

{ eEAeE _ AK }
I+ [[Ke 201 + [1]K)

Now consider the high pH limits, in which [EH] be-
comes negligible. Then Ay — A, K — K, and

[H]Cy — 0
s [EoJIIK (1K
Pos = 0 4mm+mm+mMJX

8[Eq)Ka " >
| + _SL=olRd —
({+ a iy !
We have used the high pH (8.2) data and Sophianopoulos’
dimerization constant! in this equation to obtain K
and A. Our computer program first calculates K and
A using [I] = [I,], then calculates them again using a
first-order correction to I. The data for pH’s at
which [EH] may not be negligible can then be analyzed
using eq 3 of the theory section.
3. For the model in which the dimer does not bind
the inhibitor at all, we define K4, K, Ky, Cu, A, and Ay
as in section 2 of Appendix II

E, = 2[E;] + [E] + [EH] + [EHI] + [EI] =
AE]+-CE”> (1 + [MKea)(1 + HICx) =

nm+@33

defining v and K. as in section 2

7_4 + 8[Eoly? &
1

8
[E:] = %]a+mmmuﬂmwx
_ S[EK: g
-0+ armost i me)
8K4
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In the high pH limit

1+ SEQKs 1"
[Eol = 2Bl = ™, <{1 T +[I]K)2} 1)

4585

Since E; — 2E; equals the sum of monomeric species,
one may calculate Ey .5, = Eo — 2F,; and proceed as in
the case at the simple monomer calculation (eq 2).
The program for pH’s at which E, EH, and E, are
significant calculates values of both [H]Cyx and K.
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Abstract:

Lowdin has proposed a mechanism, based on the stability of the DNA “replication plane,” to explain

the exclusion of rare tautomeric forms of nucleotide bases from double-stranded DNA. A quantitative theoretical
test of this mechanism was carried out using a simple electrostatic model to compute the stability of replication

planes.
Pople method to ¢ charges from Del Re calculations.

Atomic charges used in the model were obtained by adding = charges calculated by the Pariser-Parr-
The model does predict the proper degree of incorporation
of adenine and thymine rare forms, but fails for the rare forms of guanine and cytosine.

The model further pre-

dicts the ratio of bromouracil to thymine incorporation to be 0.2 in agreement with the experimental value of 0.23.

Very early Watson and Crick! suggested that DNA
replication might take place as a result of the unwind-
ing of the two strands of an original DN'A molecule and
the synthesis of new strands using the old as templates.
In particular, they suggested that the separated original
strands would be freely exposed to the environment,
and that each of the new strands would grow indepen-
dently of the other, extending itself by another nucleo-
tide unit only after the correct complementary nucleo-
side triphosphate happened to drift into place.

However, there is a difficulty with this simple mech-
anism. In the normal DNA double strand, the nucleo-
tide base guanine (G) is paired with cytosine (C) and
thymine (T) with adenine (A). Each of these four is in
tautomeric equilibrium with a rare form as shown in
Figure 1, and each rare form has the necessary hy-
drogen bonding and steric requirements to fit into the
DNA double helix in the pairs: T-G*, A-C*, G-T#*,
and C-A* (where the asterisk denotes the rare tauto-
meric form). Incorporation of rare forms leads to
mutations, and if the relative rates of incorporation
were simply in proportion to their concentrations in the
environment of the separated DNA strand, then the rate
of mutation predicted from the tautomerization equilib-
rium constants? would be at least 10? times as great as
observed. *

To account for the extra exclusion of the rare forms,
Lowdin®-8 proposed a mechanism in which new strands
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are built onto the old as they separate (Figure 2). The
“replication plane,” a cross section through the DNA
helix at the point of separation and new growth, is
shown schematically in Figure 3. Replication takes
place by rotation of the two original strands to expose
the hydrogen-bonding areas of the bases (I to II in
Figure 3), followed by addition of new bases from the
environment (III in Figure 3), and completed by sep-
aration of new pairs of strands. Lowdin suggests that
rate of incorporation of rare tautomers is governed by
the relative stability of the various sets of four bases in
the replication plane (III in Figure 3). A drawing (see
figures on p 183 of ref 7, but note that the labels of the
first and third are interchanged) shows that one hy-
drogen bond in the set of four normal bases is replaced
by a repulsive interaction, either between two protons
or between two lone pairs, if a normal base is replaced
by a correct rare form. This interaction is between
daughter helices, not between base pairs within a
daughter helix.

The present paper provides a quantitative test of
Loéwdin’s proposal. A simple quantum mechanical
model is set up, and the relative stability of the various
four-base replication planes is calculated. As a fur-
ther check, the rate of incorporation is computed for
bromouracil, a molecule which has been found experi-
mentally to take the place of thymine.

Computational Methods

The model adopted assumes that each molecule can
be represented as a system of point charges located at
the nuclear positions. The interaction energy for a
four-base system in a particular configuration is ob-
tained by summing the Coulomb interactions between
the sets of point charges, having taken care that no van
der Waals contact distances between point charges on
different molecules are violated. Hydrogen bonds are
allowed to reach a minimum length of 2.90 A.
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