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Dipeptidyl peptidase IV (DPP4; CD26) is a serine protease 
present on the surface of CD4+ cells.1 Inhibition of this enzyme 
has been shown to suppress IL-2 production2 and antigen-induced 
T-cell proliferation3 in vitro. Recently, potentially therapeutic 
effects of inhibitors of DPP4 have been demonstrated using in 
vivo models of immunosuppression.4 Furthermore, CD26 has 
been identified as the adenosine deaminase binding protein,5 a 
molecule involved in the severe combined immunodeficiency 
disease (SCID), and has also been proposed to be a coreceptor 
on the surface of CD4+ cells for the human immunodeficiency 
virus (HIV),6 the causative agent of the acquired immune 
deficiency syndrome (AIDS). 

The DPP4 enzyme cleaves a two amino acid unit from the 
amino terminus of polypeptides which possess proline at the P1 

position.7 Although its native substrate remains unknown, 
mutagenesis studies8 have demonstrated that the enzymatic 
activity of DPP4 is important in its role in the activation of T-cells. 

In order to explore more fully the role of this enzyme in 
immunosuppression we decided to examine the properties of the 
prolineboronic acid-containing dipeptides 1 (XM-boroPro).9 These 
compounds have been shown by Bachovchin to be potent inhibitors 
of DPP4.10 The literature on boronate ester polypeptides indicates 
that they gain activity upon exposure to aqueous buffer, 
presumably through hydrolysis to the active boronic acid {e.g., 
2).'' In contrast, dipeptides 1 have been reported to lose activity 
in a time-dependent manner upon exposure to an aqueous 
medium,10 suggesting a more complicated scenario. 
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To simplify the anlaysis of this apparent contradiction, we 
elected to synthesize the dipeptide in the unprotected boronic 
acid form (Scheme I). A single stereoisomer of (IS,2S,3R,5S)-
pinanediol pyrrolidine-2(/?)-boronate (4)12 was coupled to Boc-
valine to produce 5.13 Next, the pinanediol group was cleaved 
by treatment of the dipeptide with basic sodium periodate.14 

Finally, removal of the Boc group from 6 with HCl-Et20 afforded 
the HCl salt of compound 3 (val-boroPro).15 

Val-boroPro (3) is a remarkably potent inhibitor of DPP4 (IC50 

= 16 nM).16'17 However, the inhibitory activity of the material 
decreases rapidly upon standing in pH = 7.8 buffer, thus pointing 
to an intrinsic instability in the dipeptide motif. 

We hypothesized that the loss of inhibition was due to a 
cyclization taking place to generate a compound of structure 7 
(eq 1). This compound is a boron analog of a diketo piperazine, 
often a side product in peptide chemistry. 
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Compound 7 could be isolated by treatment of 3 with aqueous 
base followed by purification via ion exchange chromatography. 
The cyclic structure of 7 was confirmed by'' B-NMR. Compound 
3 shows a peak in the 11B spectrum at 5 28.0 ppm (relative to 
BF3-Et2O 5 = 0 ppm) while compound 7 shows a peak at S 3.5, 
indicative of a tetracoordinated boron atom. This structure is 
supported further by X-ray data obtained for a protected analog.'8 

A 1H-NMR experiment was designed to follow the course of 
the reaction.19 Compound 3 was dissolved in an aqueous buffer 
adjusted to pH = 7.8. Over time, increasing amounts of 7 were 
observed. The relative proportion of each compound was assessed 
at different time points by integrating the peaks at 8 3.09 and 
4.05 (3) and at 6 2.46 and 2.65 (7) (Figure 1, curve 1). Kinetic 
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Figure 1. Curves showing that the cyclization of 3 to 7 (curve 1, squares, 
determined by 1H-NMR) corresponds to the loss of ability to inhibit the 
DPP4-catalyzed hydrolysis of substrate (curve 2, diamonds). Both 
experiments were performed at pH = 7.8. Kinetic data for curve 2 are 
fitted up to t = 75 min since at high [7] the cumulative inhibition 
demonstrated in Figure 2 becomes significant over the time required to 
run the assay (ref 16). 

analysis of the data gave an observed first-order rate constant20 

of 3.9 X 1(H ± 0.7 X 1(H S"1 for the cyclization of 3 to 7. A 
corresponding biochemical experiment was run measuring the 
time-dependent ability of the compound to inhibit DPP4 after 
also standing in an aqueous buffer at pH = 7.8. As expected, 
the compound became less active over time and the inactivation 
proceeded with a similar observed rate constant20 (6.6 X 1(H ± 
0.6 X IfH s_1, Figure 1, curve 2). The correlation demonstrated 
between the structural and enzymatic experiments establishes 
that the cyclization is indeed responsible for the loss in activity. 

The cyclization is also reversible due to the dative nature of 
the B-N bond in 7. We have observed that although activity 
against the enzyme diminishes by 3 orders of magnitude, the 
final IC5O is still submicromolar, suggesting that at pH = 7.8 
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d[7]/df = kobt[3] where *„„ = Ic2KJ[H+]. 
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Figure 2. Recovery of inhibitory activity of 7 (via 3) with time. 

compound 7 is in equilibrium with a small amount of the open 
from 3. We sought to exploit this process to see if the activity 
of compound 7 could be restored by driving the equilibrium back 
toward 3 using an acidic buffer. This proved possible. At pH 
= 3.0 the material reverted to its open form and completely 
regained its activity against the enzyme.21 

Because boronic acid peptides are known to display tight-
binding inhibition with a very slow off-rate,22 the equilibrium has 
profound consequences for this series of immunosuppressants. 
When the enzyme is incubated in the presence of cyclized (i.e., 
inactive) inhibitor under standard (pH = 7.8 buffer) conditions 
and then is assayed for the ability to hydrolyze substrate, a 
cumulative, time-dependent inhibition of the enzyme is observed 
(Figure 2). These data are consistent with the formation of the 
equilibrium between 3 and 7 being reestablished after the active 
open form 3 binds (and remains bound)22 to the enzyme (eq 2). 
Thus it is the presence of the enzyme itself that drives the 
equilibrium toward the active form. 

7 = 3 + Enz Enz-3 (2) 

The results of these experiments show a system in which the 
ability to inhibit a serine protease relies on the position of an 
equilibrium between two isolable and interchangeable confor
mations. They also show that specific binding to an enzyme can 
drive an equilibrium if the off-rate is such that the enzyme can 
entrain one of the components from the system. The in vivo 
consequences of this phenomenon are currently under study. 
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(21) The kinetic rationale for this phenomenon can be derived from the 
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