creased fibrin deposition in flow separations
adjacent to arterial bifurcations where low
shear stresses are present and atherosclerotic
plaques are often seen (20). More generally,
enhancement of the fibrinolytic activity of
the endothelial cell by shear stress may con-
tribute to the nonthrombogenic function of
the endothelial cell surface.
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Direct Bronsted Analysis of the Restoration of
Activity to a Mutant Enzyme by Exogenous Amines

MicHAEL D. TONEY AND JAcK F. KirscH*

A true Bronsted analysis of proton transfer in an enzyme mechanism is made possible
by the chemical rescue of an inactive mutant of aspartate aminotransferase, where the

258

, is replaced with Ala by site-directed mutagenesis.

Catalytic activity is restored to this inactive mutant by exogenous amines. The eleven
amines studied generate a Bronsted correlation with B of 0.4 for the transamination of
cysteine sulfinate, when steric effects are included in the regression analysis. Localized
mutagenesis thus allows the classical Bransted analysis of transition-state structure to

be applied to enzyme-catalyzed reactions.

NZYMOLOGISTS HAVE BEEN ABLE TO
adapt most of the tools of the physi-
cal organic chemist to the analysis of
enzyme mechanisms. One of the most im-
portant of these, the linear free energy analy-
sis of structure-reactivity correlations, is a
powerful probe of transition-state structure.
The principal structure-reactivity correla-
tions are (i) those in which the reactant is
varied and one obtains a linear free energy
relation between the logarithm of the rate
constant (log k) and a quantitatively defined
structural parameter of the reactants (for
example, the Hammett plot) and (ii) those
in which the catalyst is systematically varied
and the dependence of log k on the electron-
ic nature of the catalyst helps to define the
structure of the transition state. The classical
example of the latter correlation is the
Bronsted plot, in which log k is plotted
against the pK, of the general acid or general
base catalyst. The slope of the resulting line
is frequently interpreted as a measure of the
degree of proton transfer between the reac-
tant and catalyst, or of the amount of charge
development, in the transition state.
Considerable experimental difficulties are
encountered in attempting to apply linear
free energy probes of mechanism to the

study of enzyme-catalyzed reactions. The
structural variations in the substrate re-
quired for Hammett analyses often result in
incongruous interactions between the modi-
fied substrate and the well-defined active
site. Nonetheless, substantial success has
been achieved in miany cases, particularly
with relatively nonspecific enzymes. [See (1)
for a review.] It has, however, not been
previously possible to generate a Bransted
plot for a general acid or general base en-
zyme-catalyzed reaction, because the catalyt-
ic acid or base moiety is built into the
enzyme structure (2). We report the applica-

-tion of site-directed mutagenesis to over-

come this latter limitation and the develop-
ment of a true Bronsted correlation for an
enzyme-catalyzed reaction.

The e-NH, moiety of Lys*® was postulat-
ed to be the base responsible for the proton
transfer (3), which is central to the trans-
amination mechanism (Fig. 1). This propos-
al receives support from the observation that
Escherichia coli K258A [a mutarit in which
Lys®® has been replaced by Ala (4)] retains

iartmcnt of Biochemistry, University of California,
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less than 10~ of the wild-type activity with
Asp as substrate (5). K258A readily under-
goes partial reactions with substrates: the
pyridoxal-5'-phosphate (PLP) form com-
bines with amino acids to produce external
aldimines (2), whereas the pyridoxamine-5'-
phosphate (PMP) form and a-ketoacids give
ketimines (4), but further progress toward
transamination is blocked for these interme-
diates (6). The x-ray crystal structure of
K258A shows that the changes differentiat-
ing the mutant from wild-type enzyme are
small and confined to the region immediate-
ly surrounding the site of the mutation (7).
The mutant enzyme with Arg®® also lacks

Fig. 1. Mechanism of
amino acid transamina-
tion. The highlighted e-
NH; of Lys?38 is the cata-
lytic group that, in these
experiments, is function-
ally replaced by amines
added to the transamina- 1
tion reactions of K258A,
a mutant aspartatc ami-
notransferase in  which
Lys®™® is changed to Ala.
The identified structures
arc: 1, internal aldimine;
2, external aldimine; 3,
quinonoid; 4, ketimine;
and 5, PMP (amino) en-
zyme. The catalytic trans- 4
amination cycle is com-
pleted by the reverse of
this sequence of steps
with a second a-keto acid
substrate.

Lys258

H

Py* R

HYN + *H3Nﬁ/ €O,

transaminase activity (8).

None of the other natural amino acids
have functional groups similar to that of
Lys. Thus the catalytic base in aspartate
aminotransferase reactions cannot be sys-
tematically varied by site-directed mutagen-
esis. Given the 80 A® difference in volume
between Lys and Ala (9), the proposition
that exogenous amines could partially re-
place the function of the Lys*® e-NH,
group was entertained. This proved to be
the case. Shown in Fig. 2 is the dependence
of the rate constant for the transamination
of the external aldimine (2), formed from
the PLP form of K258A and vr-cysteine

Ly5258

HgN*

- co,” CO,”
___AH N" 2 . H _...N+;< 2
N Y\ _—

H E H R
Py* R Py
2 3
Lys258
€O, FiN,
H +H,0 H Ox _~CO,"
== N "“AR == oy NHy' \(
\ ~H,0
H R
Py*
5
X0 R= CH,CO," L-aspartate
CH2CH2002 L-glutamate
CH2802_ L-cysteine sulfinate

Table 1. Rate constants, kg, for the amine-assisted catalysis of r-cysteine sulfinate transamination by
aspartate aminotransferase mutant K258A. The pK, values were obtained as described in (16). The
molecular volumes of the amines were calculated (17-19). We measured the time courses for the amino
acid transamination half-reaction by monitoring the increase in absorbance at 330 nm due to the
formation of enzyme-bound PMP. We calculated the kg, values by fitting the absorbance data to a
single exponential by nonlinear regression. Second-order rate constants were obtained by linear
regression on keps versus [amine]. Conditions: 5 mM (saturating) L-cysteine sulfinate; 30 wM K258A
aspartate aminotransferase subunits; 100 mA CHES-tetramethylammonium hydroxide [CHES, 2-(IN-
cyclohexylamino)ethane sulfonic acid], pH 9.3; ionic strength maintained at 0.5 with tetramethylam-
monium chloride; 25°C. Amine stock solutions were titrated before use to pH 9.3 with tetramethylam-

monium hydroxide (20).

Molecular

. kg*

Amine pK, V(ZRX;‘;]C M s
Methyl- 10.6 42.1 40 (2)
Ethyl- 10.6 60.9 1.30 (0.03)
Propyl- 10.5 79.8 0.27 (0.02)
Butyl- 10.6 98.7 0.009 (0.002)
Ethylenedi- 10.0 74.6 0.084 (0.002)+
Ethanol- 9.5 71.5 0.078 (0.003)
Ammonia 9.2 23.2 21 (2)
2-Fluorocthyl- 9.0 64.4 0.257 (0.009)
2-Cyanoethyl- 7.7 70.5 0.0108 (0.0003)
2,2,2-Trifluoroethyl- 5.7 71.6 0.0073 (0.0002)
Cyanomethyl- 5.3 51.1 0.050 (0.001)

* The kg values are for the free base. Standard errors are given in parentheses.

for statistical effects. The neutral species is active.
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t kp has been divided by 2 to correct

sulfinate, on 2-fluoroethylamine concentra-
tion. L-Cysteine sulfinate, an analog of the
natural substrate L-aspartate (see Fig. 1),
was used in these experiments because of its
greater reactivity in the transamination reac-
tion. The products of the reaction were

~equimolar quantities of pyruvate and PMP,

which was expected because 3-sulfinylpyru-
vate, the transamination product of L-cys-
teine sulfinate, readily decomposes to pyru-
vate and bisulfite. Control experiments with
PLP minus enzyme have shown that the
nonenzymatic rate is insignificant at these
concentrations.

The observed first-order rate constant,
kobs, is linearly dependent on the concentra-
tion of 2-fluoroethylamine at these concen-
trations. The pH dependence of the reaction
(Fig. 2) demonstrates that the catalysis is
due to the free base form of the amine, for
example,

_ kg [amine]iotal

kobs - 1+ ([H+]/Ka) (l)

+ kso]vent

The values of the rate constants, kg, for
catalysis of transamination by eleven pri-
mary amines are collected in Table 1. No
evidence for saturation (at free base concen-
trations up to 250 mM in some cases) was
observed, showing that amine binding is
rather weak.

The primary amines listed in Table 1 vary
in pK, from 5.3 to 10.6. A simple Brgnsted
plot of log kg versus pK, of the amines
shows a poor linear relation (slope
B =0.3 =0.2), indicating that basicity
alone does not adequately predict rate con-
stants. Shown in Fig. 3 is a plot of log kg
versus solvent-excluded molecular volume
for a subset of the amines, in which pK, is
effectively held constant. This plot shows
a good linear relation [slope = (—0.062 +
0.006) A~3] and indicates that a steric factor
is important in determining rate constants
for amine-assisted transamination. A similar
exercise, plotting log kg versus pK, for the
four amines of nearly constant molecular
volume (70.5 to 74.6 A%, see Table 1), gave
B =0.3 0.1, isolating and emphasizing
the importance of amine basicity.

The data were thus fitted to a multiple
lincar model (Eq. 2) with pK, and solvent-
excluded molecular volume as independent
variables (10)

log kg = B(pK,) +

I (molecular volume) + ¢

@)
The values obtained from the least-squares
fit are B =0.39 + 0.05, V= (—0.055 =
0.005) A7 and ¢ (the constant term)
= —0.7 £ 0.5. Conversely, when the data
are fitted with the molecular volume as the

sole independent variable, slope = (—0.05
+0.01) A3 The value of V' from the
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Fig. 2. The effect of 2-fluoroethylamine on the
rate of the transamination reaction between E. coli
K258A aspartate aminotransferase and L-cysteine
sulfinate. The kg values were determined as
described in Table 1. The expected ratio of the
slopes of the lines is based on a pK, of 9.0 for 2-
fluorocthylamine with the free base as the active
species.

multiple regression on the data for all eleven
amines is the same (within error) as the
value of the slope [(—0.062 = 0.006) A~3]
obtained for the line fit to the data in Fig. 3
(which includes only methyl-, ethyl-, pro-
pyl-, and butylamine), confirming the gen-
eral nature of the effect of molecular volume
on this reaction.

The total variation in the rate constants
due to molecular volume is ten times that
due to basicity for the set of amines investi-
gated. Although the literature database for
comparison is not extensive, the recent work
of Estell et al. (11) on the binding of sub-
strates to subtilisin mutants shows similar
magnitudes for deleterious volume effects.
Such large steric effects may indicate that,
for reaction to occur, the added aminé cata-
lysts must be accommodated within the
cavity created by the mutation from Lys**
to Ala, but attack from the solvent face of
the aldimine (that is, from outside the cavi-
ty) is also possible.

A plot of log kg — (V' X molecular vol-
ume) versus pK, is shown in Fig. 4. The
volume correction reduces the plot of the
data from three dimensions (Eq. 2) to two
and permits presentation as a traditional
Brensted plot, graphically demonstrating
the linear relation between log kg and pK,.

The value of k., for the transamination of
L-cysteine sulfinate catalyzed by wild-type
enzyme is 320 s™! at pH 7 (5). The e-NH,
group of Lys*® thus has an effective molar-
ity equivalent to 250M free base of cthyl-
amine (320 s™/1.3M7! s71; see Table 1),
which has the same pK, as free Lys and
replaces most of the volume lost by substitu-
tion with Ala. The pK, of ethylamine is
10.6; therefore, a total ethylamine concen-
tration of 10°M (10*® x 250M) would be
necessary to obtain this effective concentra-
tion of free base at pH 7. By maintaining the

17 MARCH 1989

general base at the active site through cova-
lent incorporation into the protein structure
(that is, wild-type enzyme), high enzymatic
efficiency is achieved.

The mechanistic interpretation of the
value of 0.4 is that the transition state has
40% of a full positive charge on the proton-
accepting amine nitrogen, if we assume that
the rate-determining step is Co proton ab-
straction (Fig. 1). General base catalysis is
kinetically indistinguishable from specific
base—general acid catalysis (12), that is,

k[RNH,][H,0] =
k K, [RNH;"] [OH™] (3)

A mechanism involving specific base—gener-
al acid catalysis of transamination is one in
which OH™ abstracts the Co proton from
the amino acid to form the quinonoid (3) at
equilibrium with the external aldimine (2).
The rate-determining step in this mecha-

3
2 Me
1 =
N Et
g ° *
S . Pr
.1 -
Bu
-2
'3 T T T T
20 40 60 80 100 120

Molecular volume (A%)

Fig. 3. Relation between log kg and molecular
volume for methyl- (Me), ethyl- (Et), propyl-
(Pr), and butyl- (Bu) amines. The pK, values for
these four amines are virtually identical, so that
only the molecular volume variations affect
changes in the catalytic rate constant.

(=2

Log k; — (V x molecular volume)

0 T T T T T

T

T .
4 5 6 7 8 9 10 11 12

a

Fig. 4. Bronsted type plot for the acceleration of
transamination between aspartate aminotransfer-
ase and cysteine sulfinate by exogenous amines.
The slope of the line through the data is 0.4, the
value of B for the reaction. We determined the
values of ¥ and B by linear regression on Eq. 2,
using pK, and molecular volume as independent
variables.

nism is then the protonation of the quino-
noid by RNH;" acting as a general acid
with Bronsted o = 0.6 (« is the slope in a
plot of log k versus —pK, for general acid
catalysis).

Auld and Bruice (13) have studied general
base catalysis of the nonenzymatic trans-
amination reaction between Ala and 3-hy-
droxypyridine-4-aldehyde, an analog of
PLP. They found B values ranging from
0.24 to 0.64 for the different protonic forms
of the aldimine complex. The B of 0.4
measured for the enzymatic reaction with
cysteine sulfinate falls within this range, but
further comparison is not warranted because
of the difference in amino acids.

The acceleration of enzymatic reactions
by added proton transfer catalysts-is not
without precedent. Silverman and Tu
showed that the carbonic anhydrase reaction
is accelerated by low concentrations of add-
ed buffers and proposed that the buffer
assists in a rate-limiting proton transfer step
(14). More recently, Carter and Wells dem-
onstrated that the role of the His in the
catalytic triad of a serine protease could be
functionally replaced in part (after substitu-
tion by Ala by site-directed mutagenesis) by
a His contained within the peptide substrate
(15). In this latter case, the mutant enzyme
has a greatly enhanced specificity toward
protein sequences containing His. In the
aspartate aminotransferase experiments a de-
leted catalytic group has been functionally
replaced by various added small molecules,
allowing systematic variation of the catalytic
properties and an analysis of transition-state
structure. Functional replacement of catalyt-
ic groups at enzyme active sites by small
molecules may prove to be widely applicable
to inactive mutant enzymes in which amino
acids with small side chains have replaced
catalytic residues.
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Amyloid 8 Protein Enhances the Survival of
Hippocampal Neurons in Vitro

JANET S. WHITSON, DENNIS J. SELKOE, CARL W. COTMAN*

The B-amyloid protein is progressively deposited in Alzheimer’s disease as vascular
amyloid and as the amyloid cores of neuritic plaques. Contrary to its metabolically
inert appearance, this peptide may have biological activity. To evaluate this possibility,
a peptide ligand homologous to the first 28 residues of the -amyloid protein (1-28)
was tested in cultures of hippocampal pyramidal neurons for neurotrophic or neuro-
toxic effects. The B1-28 appeared to have neurotrophic activity because it enhanced
neuronal survival under the culture conditions examined. This finding may help
clucidate the sequence of events leading to plaque formation and neuronal damage in

Alzheimer’s disease.

uble fibrils of B-amyloid (A4) protein

accumulate in cerebral blood vessels (1)
and in neuritic plaques (2, 3). Within the
plaques, found in various regions of the
cerebral cortex and in the hippocampus (4,
5), a central core containing primarily -
amyloid is surrounded by a spherical cluster
of dystrophic neurites and glial cells (5).
Although the brains of normal elderly adults
exhibit neuritic plaques with their associated
amyloid deposits, the density of the lesions
is much greater in AD and, indeed, is a
pathological marker by which diagnosis is
confirmed (5). Thus, B-amyloid deposition
could be thought of as a primary event in the
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pathological cascade of AD. It is also possi-
ble, however, that B-amyloid itself may con-
stitute part of a reactive, albeit aberrant,
plasticity response to the neuronal loss that
accompanies the disorder. The possibility
that the AD brain is capable of compensa-
tory responses has been suggested from
studies in which rats given lesions of the
entorhinal cortex (to mimic the pathology
observed in this region in AD) exhibited
sprouting of neurites positive for acetylcho-
linesterase (AChE) in the outer molecular
layer of the dentate gyrus. Detailed charac-
terization of human hippocampal pathology
in AD has revealed a similar sprouting re-
sponse and has shown that AChE-positive
neuritic plaques also accumulate in that den-
tate layer (6). Thus, Geddes and others have
indicated the possible preferential location
of neuritic plaques in regions of active
sprouting and have proposed that an initial
stage of neuritic plaque formation may be an
aberrant sprouting response caused by local
injury-induced increases in neurotrophic ac-

tivities (6). As the direct effects of B-amyloid
protein on brain cells have not been deter-
mined, questions of the trophic or toxic
properties of -amyloid remain unresolved.

In the present study we examined the
effect of a synthetic B-amyloid peptide (B1-
28) on cell survival and neuritic outgrowth
in primary cultures of hippocampal neurons.
The B1-28 peptide (7) consists of the first
28 residues of the B-amyloid protein (esti-
mated to be 40 to 42 residues in all) and is
thought to represent a portion of the extra-
cellular domain of the amyloid precursor (8,
9.

In initial experiments, 1-28 was added
to the medium in which embryonic rat
hippocampal cells were plated and grown
for 2 days. In these low-density cultures, the
numbers of surviving cells was quantitated
on day 2 as a percentage of the number of
live cells counted 1 hour after plating. Cul-
tures were treated with B1-28 (0, 10, and
100 pg/ml) in four separate preparations
and triplicate wells were used for each con-
centration (Fig. 1). In the absence of B-
amyloid peptide, neuronal survival at the
end of 2 days was only 36% (35.6 + 6.4).
When B1-28 was included in the medium at
10 and 100 pg/ml, these values increased to
60% and 90%, respectively (60.2 + 9.6,
90.1 = 12.2: P = 0.0016, n = 12 = SEM).
To assess the time course of this survival
effect we prepared cultures and determined
cell survival after 1, 3, 5, or 9 days (Fig. 2).
The percentage of neurons sustained by $1-
28 at day 1 was nearly 100% (compared to
about 25% without p1-28), but dropped
sharply between days 3 and 5. By days 7 and
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Fig. 1. Survival of hippocampal neurons as a
function of B1-28 concentration. Hippocampal
cells from embryonic day 18 Sprague-Dawley rats
were plated in polylysine-coated 24-well culture
plates (10). B1-28 was included in Brewer’s B18
serum-free culture media (10) when cells were
plated. After 2 days, cells were counted and
survival calculated as a percentage of day 0 plating
counts [¥*P < 0.01, ¥P < 0.09, Fisher probable
least-squares difference (PLSD)]. Values are
mean + SEM; n = 12. Analysis of variance (AN-
OVA): F(2,35) = 7.854, P < 0.002.
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