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Abstract—The immunological characterization of (E)-4-hydroxy-3-methyl-but-2-enyl pyrophosphate (HMB-PP), and its methyl-
enediphosphonate analogue, HMB-PCP, is described. With an ECsy of 0.1-0.2 nM, HMB-PP is significantly more potent in sti-
mulating human Vy9/V32 T cells than any other compound described so far. However, replacing the pyrophosphate by a P-CH,—P
function abrogates the bioactivity drastically, with HMB-PCP having a ECso of only 5.3 pM.

© 2003 Elsevier Science Ltd. All rights reserved.

Introduction

Recognition of low-molecular weight non-peptide anti-
gens by human yd T cells is in striking opposition to the
conventional recognition of small antigenic peptides by
af T cells. Although the reactivity of yd T cells towards
these natural and synthetic metabolites depends on the
expression of a functional Vy9/Vd2 T cell receptor
(TCR) on the surface,! the exact molecular mechanism
involved still remains to be elucidated, as it does not
require classical antigen presentation in the context of
the major histocompatibility complex. Yet, more than
70 compounds have already been shown to stimulate
Vy9/V82 T cells,? the most potent of which is (E)-4-
hydroxy-3-methyl-but-2-enyl pyrophosphate (HMB-
PP), a recently identified intermediate of the bacterial
non-mevalonate pathway of isoprenoid biosynthesis.?

While direct contact of an antigen with the TCR has not
been demonstrated so far, the crystal structure of the
Vy9/V62 TCR insinuates a putative antigen-binding
motif.* However, in contrast to immunogenic epitopes
of protein antigens, the bioactivity of phosphorylated
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and pyrophosphorylated low-molecular weight antigens
seems to reside, at least in part, in the chemical nature
of the molecule. Thus, hydrolysis of the pyrophosphate
moiety was proposed to contribute critically to bio-
activity, with dephosphorylation-resistant diphos-
phonate analogues having drastically increased ECs,
values.®

Here, the chemical synthesis and immunological char-
acterization of HMB-PCP, a methylenediphosphonate
analogue of HMB-PP, is presented.

Chemical Synthesis

HMB-PCP was synthesized from tert-butyldimethyl-
silyloxypropanone 1,° as depicted in Figure 1. A Wittig—
Horner reaction of 1 and P,P-diethylphosphonoacetate
yielded a mixture of the ethylesters (E)- and (Z)-2. After
separation of the isomers, reduction of pure (E)-2 led to
(E)-4-(tert-butyldimethylsilyl)oxy-3-methyl-but-2-en-1-ol
3. The alcohol 3 was then transformed into the corre-
sponding bromide 4, and the P-CH,—P moiety was
added by reaction with Tris(tetra-n-butylammonium)
hydrogen methylenediphosphonate.” Finally, the pro-
tecting group of 5 was set free by tetra-n-butylammo-
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Figure 1. Chemical synthesis of HMB-PCP.

nium fluoride. However, apart from the tetra-n-butyl
ammonium salt of HMB-PCP, the crude product
obtained also contained considerable amounts of
Br~ and F~ iomns, as well as an excess of
methylenediphosphonate. For subsequent purification,
the tetra-n-butylammonium ions were substituted by
NH, prior to extraction, as carried out in analogous
approaches.® However, we rather chose to perform
the final chromatography step using an anion
exchange material instead of cellulose. After lyophili-
zation of the product, the purity of the end product
was established on a Dionex HPLC anion exchange
system.

In order to compare the Vy9/V82 T cell stimulating
properties of HMB-PCP with that of synthetic HMB-
PP, a procedure described previously was employed,’
and subjected to the above purification protocol.

Biological Results and Discussion

In contrast to a number of recent protocols on its che-
mical synthesis,®!® our approach allows an absolute
quantitation of the salt-free HMB-PP recovery (by
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measuring the phosphorus content of the pure product,
in addition to the gross weight of the lyophilized mate-
rial), and thus a reliable determination of its bioactivity.
In the presence of HMB-PP, proliferation of human
PBMC was restricted to Vy9/Vo2 T cells, leading to a
significant expansion of this subpopulation.!! Impor-
tantly, synthetic HMB-PP and the natural compound
isolated from Escherichia coli AlytB mutants displayed
identical activities in stimulating Vy9/Vo2 T cells, at
concentrations in the nM range and below (Table 1).
Compared with the bioactivities of the direct precursor
and successor of HMB-PP within its biosynthesis path-
way, 2-C-methyl-D-erythritol 2,4-cyclopyrophosphate
(MEcPP) and isopentenyl pyrophosphate (IPP), respec-
tively,> HMB-PP was 3-4 magnitudes more potent in
stimulating Vy9/V82 T cells than IPP, and 6 magnitudes
more potent than MEcPP. With an ECs, value of
approx. 0.1 nM, HMB-PP is considerably more active
than the strongest compounds described so far,? and is
the only molecule known possessing a bioactivity of
significantly less than 1 nM.

Strikingly, replacing the pyrophosphate by a P-CH,—P
function abrogated the bioactivity of HMB-PP by 4-5
magnitudes (yet leaving a residual activity still compar-

Table 1. Biological activities of selected low molecular weight antigens
Compd ECso range (uM) ECs range (uM) Mean ECsy (uM) Activity against IPP
other studies (ref 2) this study this study (n=>5-13) (-fold) this study
Phosphoribosyl pyrophosphate — > 10,000 >10,000 <0.00005
D-ribose-1-phosphate 1000-10,000 — — —
MEcPP — 10-200 114 0.0004-0.01
HMB-PCP — 1-10 5.30 0.04-0.2
Pamidronate 4-8 0.07-10 2.21 0.6-1.0
IPP 1-10 0.06-4.0 1.02 1
Alendronate 0.9 0.1-1.0 0.75 0.7-1.5
Bromohydrin pyrophosphate 0.005-0.02 — — —
Iodohydrin pyrophosphate 0.0005-0.003 — — —
HMB-PP (E. coli AlytB) — 0.000004-0.001 0.000181 1200-21,500
HMB-PP (synthetic) — 0.00001-0.0003 0.000084 3600-19,700
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able to that of the commonly used ligands, IPP and
pamidronate), suggesting that the extensive bioactivity
of HMB-PP resides mainly in the pyrophosphate moi-
ety. This is in agreement with comparable data on
methylenediphosphonate analogues of a synthetic y6 T
cell activator, bromohydrin pyrophosphate (ECso=10
nM), with the PCP derivative having a bioactivity of
>>12 puM.> Even more, in the same publication
dephosphorylation-resistant analogues of synthetic
activators were described as competitive antagonists,
with 1Cso values ranging from 10 pM to 1 mM. How-
ever, the ICsy values of these compounds were 3-4
magnitudes higher than the ECsy values of the corre-
sponding agonists, thus raising doubts about the inhib-
itory specificity of the antagonism observed. Indeed, in
our hands the putative antagonist HMB-PCP showed
no inhibitory activity at all, whether titrated in the pre-
sence of a given concentration of the agonist HMB-PP, or
in the reciprocal experiment, when added at a fixed con-
centration to a serial dilution of HMB-PP (not shown).

Taken together, while for a number of synthetic com-
pounds the yo T cell stimulatory capacity was attributed
to their strong chemical reactivity,® this seems not the
case for the comparably inert natural activator, HMB-
PP. Consistently, quantitative structure—activity rela-
tionship analyses rather identified the presence of two
negative ionizable groups, an H-bond donor, and a
hydrophobic group as the most important features to
make a good v& T cell activator.?® Yet, this model still
does not consider the striking difference in the bioactiv-
ity between bromohydrin pyrophosphate and its imido-
diphosphate analogue (ECso=12 uM),> or between
HMB-PP and HMB-PCP (Table 1). While the proposed
need for a hydrolysable pyrophosphate moiety® may
explain the relatively low bioactivities of the aminobi-
sphosphonates, alendronate and pamidronate, our own
data indicate that the bridging oxygen atom between the
two negative ionizable groups is clearly important for
maximum activity.
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