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NMR-based strategies for ligand screening and drug design
are widely applied in pharmaceutical research.[1–11] Given the
versatility of the NMR technique, many different methods
have been developed to answer questions such as 1) whether
the ligand binds, 2) where it binds, and 3) what is the structure
of the resulting complex. Some or all of these questions can be
answered using two broad categories of experiments: so-
called ligand-based (Figure 1a) or protein-based (Figure 1b)
experiments.[12–19]

Ligand-based experiments address question (1), while
protein-based experiments typically address questions (2) and
(3). Furthermore, ligand-based experiments require much
smaller amounts of protein as their sensitivity depends on the
ligand concentration (which can be in the high millimolar
range) rather than on the protein concentration (usually in

the low micromolar range), which means that they are
therefore faster and easily adaptable to high-throughput
screening protocols. A particular subclass of ligand-based
experiments, called competition experiments (Figure 1c), is
based on the observation of one reporter ligand which may or
may not be displaced from its binding site by the screened
molecules.[20] In this case, question (2) can also be answered if
the binding site of the ligand is known. The sensitivity of
competition experiments is similar to that of ligand-based
experiments as it is related to the concentration of the
reporter ligand and not to that of the protein.

It occurred to us that any ligand-protein binding experi-
ment often implies competition with a ubiquitous probe-
ligand, usually water. Indeed, water molecules are almost
always displaced upon binding of the protein ligand. Obser-
vation of the water signals instead of the signals of a reporter
ligand should therefore provide a tremendous increase in
sensitivity due to the very high concentration of water protons
(110m compared to the submolar concentration of the
reporter ligand). Unfortunately, this very same feature
prevents the direct use of water in competition experiments.
In fact, the very large molar ratio between water and protein,
and the fact that only very few of the many protein-bound
water molecules are displaced by the ligand, makes the
differential effect negligibly small.[+]

However there is one case where the NMR parameters of
a protein-bound water molecule are so strongly altered that
the effect is easily seen even when it is propagated from
bound to bulk water molecules. This is the case of a water
molecule coordinated to a paramagnetic metal ion (provided
that it exchanges with bulk water molecules).[++] The presence
of unpaired electrons, whose magnetic moment is 658-times
larger than that of the protons, and the close proximity of the
bound water protons to the paramagnetic center, increase the
longitudinal (and transverse) relaxation rate of the latter by
many orders of magnitude.[21] We propose herein that water
bound to a paramagnetic metal in the active site of a
metalloenzyme, which is a pharmaceutically relevant target,
can be used as an efficient reporter ligand in competition
experiments, thereby answering questions (1) and (2). We
also show that the efficiency of this method compares very
favorably with the others commonly used. Given the fact that
metalloenzymes are quite widespread, and that the metal can

Figure 1. NMR-based strategies for ligand screening are either based
on the observation of the bulk ligand, L, in exchange with the protein-
bound ligand (a) or on the observation of the protein, P, in the
presence of excess ligand (b). A subclass of ligand-based experiments
is based on the observation of a reporter molecule, R, competing with
the ligand for the same protein binding site (c).
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+ Protein-bound water is indeed used in ligand screening, but only as a
means of transferring magnetization to ligand molecules bound
nearby (so-called WaterLogsy experiments).

++ The maximal effect is observed when the residence time of the metal-
bound water molecule is shorter than, or of the same order as, the
longitudinal relaxation time.
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either be natively paramagnetic or be substituted by a
paramagnetic one, this method should be of fairly general
applicability. We have used manganese(II)-activated protein
phosphatase 5 (PP5) as an example. Manganese(II)-activated
enzymes alone constitute around 15% of all metalloenzymes
in the Protein Data Bank (PDB),[*] and several members of
the two most studied protein targets in drug-discovery
(kinases and phosphatases) are manganese-activated.[22–33]

Manganese(II) is an ideal probe for demonstrating the
feasibility of this approach due to its strong paramagnetism
and its favorable electronic relaxation properties.[21]

PP5 contains two domains: a phosphatase domain and a
regulatory domain.[34,35] The former is responsible for the
enzymatic activity. X-ray structures have revealed that the
phosphatase active site is formed by two metal ions placed at
the bottom of a shallow pocket. The nature and stoichiometry
of the metal ions natively present in the catalytic domain of
PP5 are still controversial given that Fe2+, Zn2+, and Mn2+

compete for the two metal-binding sites and are all found in
varying amounts in enzyme preparations.[35] The active site
structure of PP5 is shown in Figure 2. The two metal ions
(reported asMn2+ in the original publication) are bridged by a
phosphate ion (Pi) and by a solvent-donated ligand (W3,
presumably a hydroxide). One of the two metals is coordi-
nated by a water molecule (W2), and other crystallographic
molecules are present in the active site.[36]

Four compounds known to be generic phosphatases
inhibitors, with molecular weights in the range 166–373 Da,
were selected to test the method. These compounds can be
considered as typical members of a compound library to be
used in a high-throughput screening program to identify
active site-directed PP5 ligands. Binding of these inhibitors at
the catalytic site is believed to prevent the access of the
substrate to the catalytic pocket and subsequent interaction
with the metal ions.[26] In doing so, the ligands may either
displace the active site water or block its exchange with bulk
water molecules: in either case, the propagation of relaxation
enhancement to the bulk water molecules should be abol-

ished. PP5 may therefore be a good test case for competition
experiments with water as the reporter molecule.

The selected ligands were: 1) cantharidin (inset of Fig-
ure 3a and Figure S1 in the Supporting Information), a
biologically active natural compound known to inhibit several
phosphatases at nanomolar concentrations;[37 ,38] 2) endothall,
a nanomolar inhibitor of protein phosphatase 2A (PP2A);[39]

3) exo-3,6-epoxy-1,2,3,6-tetrahydrophthalic anhydride, a
compound structurally related to norcantharidin, a micro-
molar inhibitor of PP2A;[40] and 4) (�)-p-bromotetramisole,
which was selected due to its ability to mimic the action of
orthovanadate, a micromolar inhibitor of calcineurin
(PP2B).[41] The structures of the latter three compounds are
available as Supporting Information (Figure S1).

Water proton longitudinal relaxation rates (R1) were
measured at 400 MHz for 2 mL samples of Fe,Mn-PP5
(370 mm) in the presence of increasing amounts of cantharidin.
A linear decrease in R1 was observed up to addition of one
equivalent of cantharidin, after which the effect leveled off
(Figure 3a). The residual relaxation rate is mostly due to the
sum of the relaxation rate of pure water (approx. 0.35 s�1) and
the diamagnetic contribution from other water molecules
bound to PP5 far from the active site, which can be measured
for solutions of Fe,Zn-PP5 (not shown). The effect of
cantharidin is therefore consistent with binding of the ligand
to the catalytic pocket preventing the access of the solvent to
the paramagnetic center.

Figure 2. Active site structure of the catalytic domain of PP5. One
metal ion is coordinated by Asp271, Asn303, His352, and His427 and
the other by Asp242, His244, Asp271, and a water molecule (W2). A
phosphate ion (Pi) and a further solvent-donated ligand (W3), presum-
ably a hydroxide ion, bridge the two metal ions.

Figure 3. a) Decrease of the water proton longitudinal relaxation rate
R1 at 400 MHz and 295 K in a 370 mm solution of Fe,Mn-PP5 upon
addition of cantharidin (inset). b) Titration curves of solutions of
Fe,Mn-PP5 (50 mm) with endothall (*), (�)-p-bromotetramisole oxalate
(&), and exo-3,6-epoxy-1,2,3,6-tetrahydrophthalic anhydride (~) at
0.02 MHz and 295 K.

[*] Unpublished results from our laboratory.
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It is apparent from Figure 3a that an effect is clearly
detectable although it is not strong enough to allow the
protein concentration to be reduced much below the high
micromolar range. On the other hand, given the strong
intensity of the water signal, the sample volume can be much
smaller than the 2 mL volume of the present experiment (see
below), which means that the quantity of enzyme needed is
modest (much less than one nanomol).

The concentration of the enzyme could be further
decreased if the paramagnetic effect were stronger. This is
predicted to happen at low magnetic field, where the dipole-
dipole coupling between the unpaired electrons and water
protons is maximal. Indeed, it is well known that solutions of
paramagnetic metalloproteins exhibit large proton longitudi-
nal relaxation rates at magnetic fields much lower than
400 MHz. To explore the field-dependence of the longitudinal
relaxation rate of water protons in solutions of Fe,Mn-PP5
with and without cantharidin, relaxation rate profiles at
magnetic fields ranging between 0.01 and 40 MHz were
acquired for 50 mm Fe,Mn-PP5 using a Fast-Field Cycling
relaxometer.[42] The relaxometric profile of Fe,Mn-PP5
(Figure 4) is indeed much higher over the whole low-field

range with respect to that recorded at 400 MHz and is typical
of an MnII profile.[21] The addition of an equimolar concen-
tration of cantharidin to a solution of the paramagnetic
protein lowers the relaxivity to very low values, that is, the
values of Fe,Zn-PP5 (Figure 4). This decrease is much more
striking than at 400 MHz even though the enzyme concen-
tration is about eight times lower.

The acquired relaxometric profiles clearly indicate that a
large gain in sensitivity can be achieved by performing the
relaxation rate measurements at low magnetic fields, where
the difference in relaxivity between the free and inhibited
forms of the protein is more than one order of magnitude
larger than at 400 MHz.

Such a strong effect also permits a safe estimate of the
ligand dissociation constants, KD, provided they are close to,
or higher than, the concentration of the enzyme. Only an
upper limit of about 1 mm can be estimated for cantharidin by
this method, while KD for cantharidin is in the nanomolar

range.[38] The relaxation rate for endothall decreases linearly
with the concentration, similarly to cantharidin, while for exo-
3,6-epoxy-1,2,3,6-tetrahydrophthalic anhydride the depend-
ence on the concentration is non-linear, thereby indicating a
weaker binding constant (Figure 3b). The fit of the exper-
imental relaxation rates, measured at the same magnetic field,
as a function of the concentration of the latter inhibitor
provided a KD value of 19� 2.5 mm. This value compares well
with the value of 13� 5 mm determined by an enzymatic assay
(see Supporting Information). Finally, no effect was detected
upon the addition of (�)-p-bromotetramisole (Figure 3b),
thus showing that this molecule does not bind PP5 at the
metal binding site.

Although the R1 values were acquired in a wide range of
magnetic fields using a fast field-cycling relaxometer in the
present work, the same information regarding the protein-
ligand interaction could be achieved by performing the
measurements at a specific value of the proton Larmor
frequency. In particular, the large difference in relaxivity
present in the region 15–30 MHz in this case can be exploited
by using commercial fixed-field relaxometers operating, for
example, at 20 MHz. These instruments are relatively inex-
pensive and widely used in food analysis, biology, and
materials science, and their sensitivity is not much smaller
than that of a field-cycling relaxometer.

The amount of protein needed for the analysis is, together
with speed, the main determinant of the success of a high-
throughput screening methodology. The abundance of water
protons makes the application of the present approach
possible with very small sample volumes. It can be concluded
from the results presented herein that samples with enzyme
concentrations as low as 15 mm can be analyzed at low field.
With a conservative estimate of the minimal solution volume
of 15 mL, the amount of protein needed would therefore be as
low as 60 picomols, much lower than any other NMR-based
method. At high field the minimal enzyme concentration
would be much higher (around 400 mm) as the paramagnetic
effect is much less pronounced at high fields. On the other
hand, the sensitivity is so high that the sample volume could,
in principle, be decreased by several orders of magnitude
(down to a few nanoliters).[*]

In a recent review,[14] Meyer et al. published a comparative
table (Table 2) of the merits and drawbacks of the most
popular NMR-based methods in drug discovery. Table 1 is
based on this table with an additional column for the present
water-based method. In summary, the water-based strategy
can be applied to both large and small proteins, does not
require labeling, provides the binding epitope on the pro-
tein,[**] and does not have lower or upper limits for KD

(ligand solubility being the upper limit), although it does

Figure 4. 1H NMRD profile of a 50 mm Fe,Mn-PP5 solution at 288 (?),
295 (*), and 303 K (~); a 50 mm Fe,Zn-PP5 solution at 295 K (^); and
a 50 mm Fe,Mn-PP5 solution at 295 K in the presence of an equimolar
concentration of cantharidin (&). Dotted lines have been added to aid
visualization of the field dependence of the water relaxation rate.

[*] As an additional bonus, such a small volume ensures that the
radiation damping phenomenon that occurs for strong NMR signals
and potentially makes relaxation measurements inaccurate cannot
be operative

[**] A reviewer has pointed out that the ligand could bind away from the
metal center and water accessibility still be altered by allosteric
effects. This is relatively uncommon, and in any case detecting such
active-site-relevant allosteric effects could actually be considered an
advantage.
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not provide the binding epitope on the ligand and does not
allow the ligand to be identified in a mixture. Above all,
water-based screening permits the use of unprecedentedly
small amounts of protein per single assay.

The data presented here show that this water-based
approach can be successfully integrated into a drug discovery
strategy aimed at designing ligands for metalloenzymes where
a paramagnetic metal ion is already present or can be inserted
in place of the diamagnetic native metal. This analysis can be
applied to large libraries of compounds or to a portfolio of
ligands already identified by different high-throughput
screening strategies, thereby allowing the molecules that
interact at the metal binding site to be selected and providing,
at the same time, information regarding the affinity constant
and the binding mode.

Experimental Section
The catalytic domain of PP5 corresponding to the construct 169–499
was expressed in soluble form in E. coli and prepared as either the
Fe,Zn or Fe,Mn derivative (see Supporting Information). The Fe,Mn
enzyme was found to be fully active (3.9� 0.8 Umg�1), while the
Fe,Zn derivative was virtually inactive (0.1� 0.03 Umg�1). This
finding suggests a physiological role for the manganese ion and
further supports the use of the Fe,Mn derivative in PP5-directed
ligand screening, selection, and optimization experiments.

Received: January 22, 2008
Published online: May 8, 2008

.Keywords: drug design · metalloenzymes · metalloproteins ·
NMR spectroscopy · proton relaxation

[1] S. B. Shuker, P. J. Hajduk, R. P. Meadows, S. W. Fesik, Science
1996, 274, 1531 – 1534.

[2] M. Mayer, B. Meyer, Angew. Chem. 1999, 111, 1902 – 1906;
Angew. Chem. Int. Ed. 1999, 38, 1784 – 1788.

[3] M. Coles, M. Heller, H. Kessler, Drug Discovery Today 2003, 8,
803 – 810.

[4] W. Jahnke, S. Rudisser, M. Zurini, J. Am. Chem. Soc. 2001, 123,
3149 – 3150.

[5] C. Dalvit, G. Fogliatto, A. Stewart, M. Veronesi, B. J. Stockman,
J. Biomol. NMR 2001, 21, 349 – 359.

[6] C. Dalvit, P. E. Fagerness, D. T. A. Hadden, R. W. Sarver, B. J.
Stockman, J. Am. Chem. Soc. 2003, 125, 7696 – 7703.

[7] B. Becattini, M. Pellecchia, Chem. Eur. J. 2006, 12, 2658 – 2662.
[8] K. E. Kover, P. Groves, J. Jimenez-Barbero, G. Batta, J. Am.

Chem. Soc. 2007, 129, 11579 – 11582.
[9] I. Bertini, M. Fragai, Y.-M. Lee, C. Luchinat, B. Terni, Angew.

Chem. 2004, 116, 2304 – 2306; Angew. Chem. Int. Ed. 2004, 43,
2254 – 2256.

[10] A. Ciulli, G. Williams, A. G. Smith, T. L. Blundell, C. Abell, J.
Med. Chem. 2006, 49, 4992 – 5000.

[11] S. Vanwetswinkel, R. J. Heetebrij, J. van Duynhoven, J. G.
Hollander, D. V. Filippov, P. J. Hajduk, G. Siegal, Chem. Biol.
2005, 12, 207 – 216.

[12] M. Pellecchia, B. Becattini, K. J. Crowell, R. Fattorusso, M.
Forino, M. Fragai, D. Jung, T. Mustelin, L. Tautz, Exp. Opin.
Ther. Targets 2004, 8, 597 – 611.

[13] M. Betz, K. Saxena, H. Schwalbe, Curr. Opin. Cell Biol. 2006, 18,
219 – 225.

[14] B. Meyer, T. Peters, Angew. Chem. 2003, 115, 890 – 918; Angew.
Chem. Int. Ed. 2003, 42, 864 – 890.

[15] W. Jahnke, J. Biomol. NMR 2007, 39, 87 – 90.
[16] H. Schwalbe, H. U. Stilz, H. Kessler, ChemBioChem 2005, 6,

1475 – 1478.
[17] C. A. Lepre, J. M. Moore, J. W. Peng, Chem. Rev. 2004, 104,

3641 – 3675.

Table 1: Comparison of the present water-based approach with the most common ligand-screening strategies (from Meyer et al.,[14] Table 2).[a]

SAR by NMR[1] STD NMR[2] Spin
labeling[4]

Diffusion
editing[43]

Inverse NOE
pumping[44]

Water-Logsy[45] Water-based

Large protein
(>30 kDa)

limited yes yes no yes yes yes

Small protein
(<10 kDa)

yes no yes yes no no yes

Isotope-labeled
protein required

yes no no no no no no

Binding epitope
on protein

yes no no no no no yes

Binding epitope
on ligand

no yes no no yes yes no

Amount of protein
[nmol] at 500 MHz

25 0.1 �1 �100 �25 �25 Low field: 5 mLJ15 mm =0.06
High field: 100 nL[b] J400 mm = 0.04

KD tight binding no limit 100 pm 100 pm �100 pm 1 nm 100 pm no limit

KD weak binding �1 mm �10 mm �10mm �1 mm �1 mm �10 mm no limit

Identification of ligand no yes yes yes yes yes no

[a] The most favorable features for each strategy are highlighted in bold and italics.[b] The amount of protein could be further reduced by appropriate
design of a nanodelivery system.

Communications

4536 www.angewandte.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2008, 47, 4533 –4537

http://dx.doi.org/10.1126/science.274.5292.1531
http://dx.doi.org/10.1126/science.274.5292.1531
http://dx.doi.org/10.1002/(SICI)1521-3757(19990614)111:12%3C1902::AID-ANGE1902%3E3.0.CO;2-O
http://dx.doi.org/10.1002/(SICI)1521-3773(19990614)38:12%3C1784::AID-ANIE1784%3E3.0.CO;2-Q
http://dx.doi.org/10.1016/S1359-6446(03)02796-X
http://dx.doi.org/10.1016/S1359-6446(03)02796-X
http://dx.doi.org/10.1021/ja005836g
http://dx.doi.org/10.1021/ja005836g
http://dx.doi.org/10.1023/A:1013302231549
http://dx.doi.org/10.1021/ja034646d
http://dx.doi.org/10.1002/chem.200500636
http://dx.doi.org/10.1021/ja073291l
http://dx.doi.org/10.1021/ja073291l
http://dx.doi.org/10.1002/ange.200353453
http://dx.doi.org/10.1002/ange.200353453
http://dx.doi.org/10.1002/anie.200353453
http://dx.doi.org/10.1002/anie.200353453
http://dx.doi.org/10.1021/jm060490r
http://dx.doi.org/10.1021/jm060490r
http://dx.doi.org/10.1016/j.chembiol.2004.12.004
http://dx.doi.org/10.1016/j.chembiol.2004.12.004
http://dx.doi.org/10.1517/14728222.8.6.597
http://dx.doi.org/10.1517/14728222.8.6.597
http://dx.doi.org/10.1002/ange.200390202
http://dx.doi.org/10.1002/anie.200390233
http://dx.doi.org/10.1002/anie.200390233
http://dx.doi.org/10.1007/s10858-007-9183-5
http://dx.doi.org/10.1002/cbic.200590029
http://dx.doi.org/10.1002/cbic.200590029
http://dx.doi.org/10.1021/cr030409h
http://dx.doi.org/10.1021/cr030409h
http://www.angewandte.org


[18] H. Kogelberg, D. Solis, J. Jimenez-Barbero, Curr. Opin. Struct.
Biol. 2003, 13, 646 – 653.

[19] X. Salvatella, E. Giralt, Chem. Soc. Rev. 2003, 32, 365 – 372.
[20] C. Dalvit, M. Flocco, S. Knapp, M. Mostardini, R. Perego, B. J.

Stockman, M. Veronesi, M. Varasi, J. Am. Chem. Soc. 2002, 124,
7702 – 7709.

[21] I. Bertini, C. Luchinat, G. Parigi, Solution NMR of Paramagnetic
Molecules, Elsevier, Amsterdam, 2001.

[22] T. Hunter, Cell 1995, 80, 225 – 236.
[23] M. Gallego, D. M. Virshup, Curr. Opin. Cell Biol. 2005, 17, 197 –

202.
[24] L. Tautz, M. Pellecchia, T. Mustelin, Expert Opin. Ther. Targets

2006, 10, 157 – 177.
[25] A. Noren-Muller, I. Reis-Correa, H. Prinz, C. Rosenbaum, K.

Saxena, H. J. Schwalbe, D. Vestweber, G. Cagna, S. Schunk, O.
Schwarz, H. Schiewe, H. Waldmann, Proc. Natl. Acad. Sci. USA
2006, 103, 10606 – 10611.

[26] A. C. Schmid, R. Woscholski, Biochem. Soc. Trans. 2004, 32,
348 – 349.

[27] I. R. Correa, A. Noren-Muller, H. D. Ambrosi, S. Jakupovic, K.
Saxena, H. Schwalbe, M. Kaiser, H. Waldmann, Chem. Eur. J.
2007, 13, 1109 – 1126.

[28] J. Klages, M. Coles, H. Kessler, Mol. Biosyst. 2006, 2, 318 – 331.
[29] T. Golden, I. V. Aragon, G. F. Zhou, S. R. Cooper, N. M. Dean,

R. E. Honkanen, Cancer Lett. 2004, 215, 95 – 100.
[30] W. D. Yong, S. D. Bao, H. Y. Chen, D. P. Li, E. R. Sanchez, W.

Shou, J. Biol. Chem. 2007, 282, 14690 – 14694.
[31] T. Zeke, N. Morrice, C. Vazquez-Martin, P. T. W. Cohen,

Biochem. J. 2005, 385, 45 – 56.

[32] T. H. Davies, Y. M. Ning, E. R. Sanchez, Biochemistry 2005, 44,
2030 – 2038.

[33] NDDP: NMRTools for DrugDesignValidated on Phosphatases,
FP6-LIFESCIHEALTH 5012077, 2003.

[34] A. K. Das, P. W. Cohen, D. Barford, EMBO J. 1998, 17, 1192 –
1199.

[35] J. Yang, S. M. Roe, M. J. Cliff, M. A. Williams, J. E. Ladbury,
P. T. W. Cohen, D. Barford, EMBO J. 2005, 24, 1 – 10.

[36] M. R. Swingle, R. E. Honkanen, E. M. Ciszak, J. Biol. Chem.
2004, 279, 33992 – 33999.

[37] R. E. Honkanen, FEBS Lett. 1993, 330, 283 – 286.
[38] E. B. Borthwick, T. Zeke, A. R. Prescott, P. T. W. Cohen, FEBS

Lett. 2001, 491, 279 – 284.
[39] Y. M. Li, J. E. Casida, Proc. Natl. Acad. Sci. USA 1992, 89,

11867 – 11870.
[40] A. McCluskey, C. Walkom, M. C. Bowyer, S. P. Ackland, E.

Gardiner, J. A. Sakoff, Bioorg. Med. Chem. Lett. 2001, 11, 2941 –
2946.

[41] M. Morioka, K. Fukunaga, T. Kawano, S. Haswgawa, K.
Korematsu, Y. Kai, J. Hamada, E.Miyamoto, Y. Ushio,Biochem.
Biophys. Res. Commun. 1998, 253, 342 – 345.

[42] F. Noack, Prog. Nucl. Magn. Reson. Spectrosc. 1986, 18, 171 –
276.

[43] M. F. Lin, M. J. Shapiro, J. R. Wareing, J. Am. Chem. Soc. 1997,
119, 5249 – 5250.

[44] A. Chen, M. J. Shapiro, J. Am. Chem. Soc. 1998, 120, 10258 –
10259.

[45] C. Dalvit, P. Pevarello, M. Tato, M. Veronesi, A. Vulpetti, M.
Sundstrom, J. Biomol. NMR 2000, 18, 65 – 68.

Angewandte
Chemie

4537Angew. Chem. Int. Ed. 2008, 47, 4533 –4537 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1016/j.sbi.2003.08.001
http://dx.doi.org/10.1016/j.sbi.2003.08.001
http://dx.doi.org/10.1039/b210047a
http://dx.doi.org/10.1021/ja020174b
http://dx.doi.org/10.1021/ja020174b
http://dx.doi.org/10.1016/0092-8674(95)90405-0
http://dx.doi.org/10.1016/j.ceb.2005.01.002
http://dx.doi.org/10.1016/j.ceb.2005.01.002
http://dx.doi.org/10.1517/14728222.10.1.157
http://dx.doi.org/10.1517/14728222.10.1.157
http://dx.doi.org/10.1073/pnas.0601490103
http://dx.doi.org/10.1073/pnas.0601490103
http://dx.doi.org/10.1042/BST0320348
http://dx.doi.org/10.1042/BST0320348
http://dx.doi.org/10.1039/b605309m
http://dx.doi.org/10.1016/j.canlet.2004.03.027
http://dx.doi.org/10.1074/jbc.C700019200
http://dx.doi.org/10.1021/bi048503v
http://dx.doi.org/10.1021/bi048503v
http://dx.doi.org/10.1093/emboj/17.5.1192
http://dx.doi.org/10.1093/emboj/17.5.1192
http://dx.doi.org/10.1038/sj.emboj.7600496
http://dx.doi.org/10.1074/jbc.M402855200
http://dx.doi.org/10.1074/jbc.M402855200
http://dx.doi.org/10.1016/0014-5793(93)80889-3
http://dx.doi.org/10.1016/S0014-5793(01)02177-9
http://dx.doi.org/10.1016/S0014-5793(01)02177-9
http://dx.doi.org/10.1073/pnas.89.24.11867
http://dx.doi.org/10.1073/pnas.89.24.11867
http://dx.doi.org/10.1016/S0960-894X(01)00594-7
http://dx.doi.org/10.1016/S0960-894X(01)00594-7
http://dx.doi.org/10.1006/bbrc.1998.9783
http://dx.doi.org/10.1006/bbrc.1998.9783
http://dx.doi.org/10.1016/0079-6565(86)80004-8
http://dx.doi.org/10.1016/0079-6565(86)80004-8
http://dx.doi.org/10.1021/ja963654+
http://dx.doi.org/10.1021/ja963654+
http://dx.doi.org/10.1021/ja982152o
http://dx.doi.org/10.1021/ja982152o
http://dx.doi.org/10.1023/A:1008354229396
http://www.angewandte.org

