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b-Cyclodextrin (CD) dimers (n 5 11) were synthesized and tested
against eight enzymes, seven of which were dimeric or tetrameric,
for inhibitor activity. Initial screening showed that only L-lactate
dehydrogenase and citrate synthase were inhibited but only by
two specific CD dimers in which two b-CDs were linked on the
secondary face by a pyridine-2,6-dicarboxylic group. Further inves-
tigation suggested that these CD dimers inhibit the activity of
L-lactate dehydrogenase and citrate synthase at least in part by
disruption of protein–protein aggregation.

The aggregation of proteins, often involving the interaction of
hydrophobic patches, is central to many important biological

phenomena (1). For example, many enzymes are active only in
their dimeric form, and the multimerization of proteins in the
formation of fibers also frequently involves the interaction of
hydrophobic patches (2–4). Thus, it would be of great interest to
learn how to inhibit such aggregation selectively.

We have reported that certain linked dimers of cyclodextrins
(CDs) can selectively bind the hydrophobic side chains in
polypeptides (5, 6). Thus, we examined the possibility that such
CD dimers can bind to the hydrophobic patches of proteins so
as to inhibit aggregation. We have now found that this inhibition
indeed occurs and does so selectively with respect to both the CD
dimer and the protein involved. Such selective inhibition of
protein aggregation may have important uses in biology and
medicine.

To examine this possibility, we have studied a group of
enzymes, which are listed in Table 1. Several of them are active
only as dimers [glucose-6-phosphate dehydrogenase (7), D-
galactose dehydrogenase (8), phosphohexose isomerase (9), and
citrate synthase (CS; ref. 10)]; some are active as tetramers
[L-lactate dehydrogenase (LDH; ref. 11), fumarase (12), and
sorbitol dehydrogenase (13)], and adenosine deaminase is a
monomeric enzyme (14). Our preliminary screen simply looked
at whether CD dimers inhibited the enzyme’s activity.

Materials and Methods
The CD dimers examined, compounds 1-11, are shown in
Scheme 1. We have previously reported (5) the syntheses of 2
and 4; 3 was prepared in an analogous way by alkylating b-CD
with p-xylylene dibromide. Dimer 6 was prepared by direct
alkylation with 2,6-bis(bromomethyl)pyridine of the most
acidic C-2 hydroxyl group of b-CD after forming its oxide
anion with NaH. Dimer 1, from acylation of the b-CD anion
with pyridine-2,6-dicarboxylic acid chloride, is expected to
equilibrate between the C-2 and C-3 positions by acyl migra-
tion; thus, it must be a positional mixture. Dimers 8 and 10
were prepared by acylating 6-amino-6-deoxycycloheptaamy-
lose (15) with the bis-pentaf luorophenyl ester of the linker
diacid, and dimer 5 was prepared by acylating 3-amino-3-
deoxycycloheptaamylose (16) with pyridine-2,6-dicarboxylic
acid chloride. Dimers 7 and 9 were prepared by reacting
6-deoxy-6-iodocycloheptaamylose (17) with 2,6-bis(mercap-
tomethyl)-pyridine and 1,8-octanedithiol, respectively, in dim-
ethylformamide with K2CO3, and dimer 11 was obtained by the
same procedure used for dimer 7 but with 6-deoxy-6-

iodocyclohexaamylose. All of the compounds had the expected
NMR and mass spectra for the structures assigned.

The enzymes were assayed by using standard protocols (18)
with a 15-min preassay incubation. The final assay concentra-
tions of substrates and cofactors are as follows: for LDH, 0.5 mM
NADHy1.9 mM pyruvate; for D-galactose dehydrogenase, 2.5
mM NADy17 mM D-galactose; for glucose-6-phosphate dehy-
drogenase, 7.1 mM NADy9.6 mM glucose-6-phosphate; for
phosphohexose isomerase (coupled with glucose-6-phosphate
dehydrogenase), 0.4 mM NADPy3 mM fructose-6-phosphate;
for sorbitol dehydrogenase, 0.2 mM NADHy150 mM D-fructose;
for adenosine deaminase, 0.05 mM adenosine; for fumarase,
50 mM L-malate; and for CS, 0.2 mM acetyl CoAy0.2 mM
oxaloacetate.

Abbreviations: CD, cyclodextrin; LDH, L-lactate dehydrogenase; CS, citrate synthase; BS,
bis(sulfosuccinimidyl)suberate.
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Scheme 1. CD dimers studied.
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For nondenaturing size exclusion chromatography, all runs
were performed at 4°C with a 108-cm 3 1-cm diameter Sepharcyl
200-h column. Flow rate was maintained at 8.4 mlyh.

Results and Discussion
Of the enzymes studied, only CS and LDH were inhibited by any
of the CD dimers examined, even at concentrations as high as
480 mM, and inhibition occurred only with two specific CD
dimers, 1 and 5. Dimer 1 inhibited the catalytic activity of CS
with an IC50 of 140 mM and inhibited LDH with an IC50 of 30
mM. As Fig. 1 shows, a 28% inhibition of LDH was observed with
only 4 mM of dimer 1. Because the concentrations of NADH and
of pyruvate are over 100 times the concentration of the CD dimer
used, the inhibition must reflect interaction of the CD dimer
with the enzyme and not simply scavenging of the substrate
or the cofactor. Furthermore, dimer 1 did not inhibit sorbi-
tol dehydrogenase, which also uses NADH as a cofactor.
Dimer 1 did not bind to acetyl CoA, as evidenced by titration
microcalorimetry.

The finding that the diester 1 and diamide 5 were active
inhibitors of CS and LDH but that the related diether 6 was
inactive is interesting. We do not yet understand the reasons
for this selectivity. However, of course, ether 6 is doubly linked
to the oxygen at C-2; diamide 5 is doubly linked to a nitrogen
at C-3; and diester 1 should be a mixture with 2,29 links, 3,39
links, and 2,39 links. Diamide 10, linked on the CD primary
side, was inactive. Pyridine, b-CD, and pyridine-2,6-
dicarboxylic acid showed no inhibition of CS or of LDH at

concentrations up to 1 mM, either individually or in combi-
nations, nor did a CD dimer linked with isophthalic acid
instead of pyridine-2,6-dicarboxylic acid. The dimethyl ester of
pyridine-2,6-dicarboxylic acid did show some inhibition of the
activity of LDH ('30% of that of CD dimer 1) but did not show
any inhibition of CS.

Apparently, the diester 1 does not acylate a protein side chain,
because matrix-assisted laser desorption ionizationytime of
flight mass spectroscopy indicates no gain in mass for the
monomer of LDH (mass 5 36,644 Da; after incubation with 1,
mass 5 36,642 Da) or of CS (mass 5 49,804 Da; after incubation
with 1, mass 5 49,794 Da). Thus, it seems likely that the
inhibition of CS and of LDH by 1 reflects dissociation of the
enzyme to inactive monomer induced by binding of 1 to the
dimerization (CS) or tetramerization (LDH) sites. Evidence for
such dissociation was seen with nondenaturing size exclusion
chromatography for each enzyme. A distinct species with a
longer retention time (lower molecular weight) than that of the
multimeric forms of CS and of LDH was observed when 1 was
present but not otherwise, and when isolated, this species had the
molecular weight of the protein monomer on SDSyPAGE

Fig. 2. CD dimer 1 decreases BS cross-linking efficiency, whereas its compo-
nents (b-CD, pyridine 2,6-dicarboxylic acid, and dimethyl-2,6-pyridine dicar-
boxylate) do not, as evidenced by SDSyPAGE of cross-linking experiments with
0.1 mM enzymes (LDH and CS): lane 1, enzyme 1 100 mM BS; lane 2, enzyme 1
100 mM BS; lane 3, enzyme 1 100 mM BS 1 77 mM CD dimer; lane 4, enzyme
1 100 mM BS 1 385 mM CD dimer; lane 5, enzyme 1 100 mM BS 1 1.5 mM CD
dimer; lane 6, enzyme 1 100 mM BS 1 7.7 mM CD dimer; lane 7, enzyme 1 100
mM BS 1 15 mM b-CD; lane 8, enzyme 1 100 mM BS 1 7 mM pyridine
2,6-dicarboxylic acid; lane 9, enzyme 1 100 mM BS 1 7 mM dimethyl-2,6-
pyridine dicarboxylate; lane 10, same as lane 1.

Fig. 3. Both CD dimer 1 and dimer 5 decrease cross-linking efficiency, as
evidenced by SDSyPAGE of cross-linking experiments with CS (Upper) and LDH
(Lower). Lanes 1 and 10, molecular weight markers; lanes 2 and 3, enzyme
alone; lanes 4 and 5, 1.0 mM enzyme 1 7.0 mM BS; lanes 6 and 7, 1.0 mM
enzyme 1 0.7 mM dimer 5 1 7.0 mM BS; lanes 8 and 9, 1.0 mM enzyme 1 0.7
mM dimer 1 1 7.0 mM BS.

Table 1. The enzymes studied and their active forms

Enzyme Active form

Adenosine deaminase Monomer
Glucose-6-phosphate dehydrogenase Dimer
D-Galactose dehydrogenase Dimer
Phosphohexose isomerase Dimer
CS Dimer
LDH Tetramer
Fumarase Tetramer
Sorbitol dehydrogenase Tetramer

Fig. 1. Plot of initial rate of LDH versus concentration of CD dimer 1. Initial
rate is expressed in unitsyliter; 1 unit of LDH is defined as the amount of LDH
required to reduce 1.0 mmol pyruvate to L-lactate per min at pH 7.5 and at
37°C.
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(denaturing PAGE), which was identical to the monomeric peak
seen with the original protein when it is disaggregated on
SDSyPAGE.

We also performed chemical cross-linking experiments. A
decrease in cross-linking efficiency by reagents such as bis(sul-
fosuccinimidyl)suberate (BS) has been used to demonstrate
the dissociation of protein dimers (19, 20). We saw (Fig. 2) a
decrease in cross-linked species on SDSyPAGE (denaturing
PAGE) when LDH or CS were incubated for 2 h with 1 before
exposure to BS. The cross-linked species seen in lane 1
decreases almost to invisibility when the enzymes had been
incubated with 1 (lanes 5 and 6), supporting the idea that 1
dissociates the normally multimeric CS and LDH. The di-
methyl ester of pyridine-2,6-dicarboxylic acid had no such
effect, suggesting that it inhibits LDH to a minor extent by
decreasing the catalytic rate of the enzyme without disaggre-
gating it.

The effect of 1 on cross-linking cannot be caused by binding
of the cross-linking agent by 1, because the cross-linker can be
present in a 10-fold or more excess over 1 (compare Fig. 3)
without affecting the results shown in Fig. 2. Of course, dimer
1 could in principle be binding to the protein near the surface
lysines to block cross-linking without disaggregating the pro-
tein. Indeed, our proposal is that 1 does block cross-linking by
binding to the protein but as a result of inducing protein
disaggregation. Thus, the cross-linking experiment is not
definitive by itself, but taken with the nondenaturing
size exclusion chromatography result, the experiment
supports the idea that our dimer 1 is indeed inducing protein
disaggregation.

Amide 5 is also apparently a disaggregating agent. As the
SDSyPAGE gel in Fig. 3 shows, the inclusion of 5 greatly
decreases the amount of dimeric protein captured in cross-
linking experiments. However, dimer 5 was approximately three
times less effective than was 1 as an inhibitor of LDH but was
equally effective as 1 in inhibiting CS. We do not yet understand
this difference. Nor do we understand the fact that Lineweaver–
Burk plots indicate that the inhibition of LDH by 1 is apparently
noncompetitive with substrate, whereas that with 5 is competi-

tive. Of course, substrate binding to the protein monomer can
induce a conformational change that favors aggregation, and this
change would make the dissociation induced by 5 competitive
with substrate binding.

By examining the molecular structures of multimeric CS and
LDH (from the Protein Data Bank, www.rcsb.org), we have
identified several possible regions where binding of our dimers
to protein hydrophobic residues could cause disaggregation of
the proteins. In CS (Fig. 4), our CD dimers 1 and 5 have the
correct geometry to bridge between Tyr-42 and Trp-284, Trp-
306, or Trp-371 within the same monomer unit. In all these cases,
the CD dimer would interfere with close packing of a CS dimer.
In LDH (Fig. 5), our CD dimers 1 and 5 can bridge between
Phe-72 and Tyr-175, Tyr-250, or Trp-253 within the same
monomer unit, again intruding into the protein aggregation
region. Further work is needed to make definite assignments.

Conclusions
Other approaches to blocking protein–protein interactions have
been reported recently (1, 2, 19–29), many with peptides or
peptide mimics. Our work suggests that the specific binding of
hydrophobic side chains by CD dimers that we had reported
earlier can be extended to proteins and that it is another way to
block protein aggregation. We have also made CD trimers and
tetramers (30–32) with varying geometries controlled by the
linkers. Thus, it will be interesting to see whether the effects
reported herein can be made even stronger and more selective
and whether they will have useful applications in biology and
medicine.
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