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A series of N-7-methyl-imidazolopyrimidine inhibitors of the mTOR kinase have been designed and
prepared, based on the hypothesis that the N-7-methyl substituent on imidazolopyrimidine would
impart selectivity for mTOR over the related PI3Ka and § kinases. The corresponding N-Me substituted
pyrrolo[3,2-d]pyrimidines and pyrazolo[4,3-d]pyrimidines also show potent mTOR inhibition with selec-

tivity toward both PI3a and § kinases. The most potent compound synthesized is pyrazolo[4,3-d]pyrim-
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idine 21¢. Compound 21c shows a K; of 2 nM against mTOR inhibition, remarkable selectivity (>2900x)
over PI3 kinases, and excellent potency in cell-based assays.

© 2013 Elsevier Ltd. All rights reserved.

The mammalian target of rapamycin (mTOR) is a serine/threo-
nine protein kinase of the phosphoinositide 3-kinase-related ki-
nase (PIKK) family and a key point for inhibition downstream in
the PI3K-Akt signaling pathway. mTOR plays a central role as a
regulator of cell growth, proliferation, metabolism, and survival.'
Inhibition of mTOR signaling can be used for treating solid tumors
with mutations or deletion of the tumor suppressor phosphatase
and tensin homolog (PTEN) gene.> The mTOR signaling pathway
consists of two different multi-protein complexes: mTOR com-
plex-1 (mTORC1) and mTOR complex-2 (mTORC2). mTORC1 is
known for its critical role in protein synthesis and can phosphory-
late two key regulators of protein translation, 4EBP and S6K.
mTORC2 can phosphorylate Akt and functions as a key regulator
of cell growth, metabolism, and survival. In certain cancer cells,
Akt activity is upregulated and enhances cell survival due to a
feedback loop between mTORC1 and Akt.> The natural product
rapamycin, and semi-synthetic analogs thereof, selectively inhibit
mTORC1 activity in an allosteric manner.* These so-called
‘rapalogs’ have beenused clinically to validate mTOR as a cancer
target. Second generation mTOR inhibitors are small molecules
that bind competitively and reversibly to the mTOR-ATP binding
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pocket. These ATP-competitive mTOR agents inhibit both mTORC1
and mTORC2, and have shown preclinically to block tumor cell
proliferation more effectively than rapalogs.® Because of the highly
conserved ATP binding pockets of the PIKK family, the first set of
ATP-competitive mTOR molecules proved to be dual PI3K/mTOR
inhibitors. A concern for dual PI3K/mTOR inhibitors is the potential
effect of insulin resistance and glucose metabolism regulation
through the activation of Akt downstream from PI3K.® Thus, there
have been intense efforts in finding selective mTOR inhibitors that
may offer increased tolerability relative to dual PI3K/mTOR inhib-
itors. Many researchgroups,’® including our own,® have reported
studies toward identification of selective ATP-competitive mTOR
inhibitors.

A high-throughput screen of our corporate compound library
identified imidazolopyrimidine 1'° as a modestly potent mTOR
inhibitor with a K;j of 72 nM (Fig. 1). Introduction of a substituted
morpholine at the hinge binding region, and replacement of the
aminopyrimidine with a phenyl urea on related pyrimidine scaf-
folds were reported to increase mTOR potency and selectivity over
PI3 kinases.” The selectivities were due to the S-methyl morpholine
packing against a unique Trp2239 residue in mTOR and the ethyl
urea interacting hydrophobically with the CB and Cy atoms of
the Glu2190 side chain. Thus, the morpholine/aminopyrimdine of
1 was replaced with (S)-3-methyl-morpholine/ethyl phenyl urea
to provide a more potent and selective mTOR inhibitor 2. Relative

Please cite this article in press as: Lee, W.; et al. Bioorg. Med. Chem. Lett. (2013), http://dx.doi.org/10.1016/j.bmcl.2013.07.027



http://dx.doi.org/10.1016/j.bmcl.2013.07.027
mailto:wendyle@gene.com
mailto:danielfo@gene.com
http://dx.doi.org/10.1016/j.bmcl.2013.07.027
http://www.sciencedirect.com/science/journal/0960894X
http://www.elsevier.com/locate/bmcl
http://dx.doi.org/10.1016/j.bmcl.2013.07.027

2 W. Lee et al./Bioorg. Med. Chem. Lett. xxx (2013) XxX-XxX

and

(S)-3-Me-morpholine
substitution

Phenyl urea addition [ :l

N2 N, | SN
S N/J\NHZ
HO

mTOR Ki=72nM
PI3Ko Ki=2 nM, PI3Ko. / mTOR =0.03
PI3Kd Ki=4nM, PI3K3 / mTOR = 0.06

mTOR Ki=9nM
PI3Ko Ki =190 nM, PI3Ko. / mTOR = 21
PI3K 3 Ki=160 nM, PI3K3 / mTOR = 18

Figure 1. Improvement of mTOR potency and selectivities over P13K isoforms.

Table 1
Initial SAR of 2: mTOR, PI3Ko, and PI3K$ potencies and selectivities®”
o
N7
N B
N
1
LT
LA
R
H H
Compd R! R? mTOR K; (nM) PI3Ka K; (nM) PI3Ko/mTOR PI3KS K; (nM) PI3K3/mTOR
2 -CH(CHs),0H -CH,CH,0H 9 190 21x 160 18x
3 -CH(CH3),0H Me 7 390 56x 490 70x
4 H Me 12 370 31x 890 74x

@ Assays are described in Refs. 9b and 11.

b Values are at least two separate determinations with typical variations of less than +30%.

to 1, 2 was eightfold more potent (mTOR K; = 9.5 nM) and exhibited
21- and 17-fold selectivities for mTOR over PI3Koa and PI3K3
respectively (Fig. 1). Initial SAR exploration by truncation of the
2-hydroxyethyl side chain led to methyl analog 3, which showed
comparable mTOR potency (K; = 7 nM) with decreased PI3Ko and
& potencies (Table 1). Removal of the C-8 tertiary alcohol resulted
in 4, with similar potencies for mTOR (Ki=12nM) and
PI3Ka (Ki=370nM), and a slight decrease in PI3K$ potency
(ICs0 = 890 nM).

Using a homology model of mTOR built from an X-ray crystal
structure of PI3Ky, we initially hoped to improve selectivity against
PI3K by occupying a predicted small hydrophobic pocket adjacent
to the morpholine binding region formed by a rigidly held Trp2239
residue (Ile 881 in PI3Ky). The morpholine oxygenforms a hydro-
gen bond to the backbone NH of Val2240 in mTOR, in an equivalent
location to Val882 in PI3Ky. Consistent with previous studies,’#®
the (S)-3-methyl group on the morpholine of compounds 2-4
was predicted to fit into this hydrophobic pocket and pack against
Trp2239 without significantly disturbing its conformation (Fig. 2a).
An analysis of the morpholine-to-purine bond showed two possi-
ble low energy conformations when the ligand was analyzed in va-
cuo (Supplementary data Fig. S1) However, the same analysis
carried out in the presence of the protein showed only one con-
former predominated, which placed the (S)-3-methyl group adja-
cent to Tyr2225 (Fig. 2b). Additionally, the morpholino oxygen
could adopt an appropriate orientation to engage in an H-bonding
interaction with the backbone NH of Val2240 in mTOR.

This proposed binding mode led to a hypothesis in the current
work that we may be able to further increase selectivity over
PI3K by incorporating a small lipophilic group such as a methyl
at the N-7 position on the imidazolopyrimidine scaffold. Modeling

suggested that this N-7-methyl could also pack against the
Trp2239 residue, occupying the predicted small hydrophobic pock-
et in this area. Additionally, the presence of this methyl was pre-
dicted to restrict the allowed conformations of the morpholine
ring such that the (S)-3-methyl group can swing toward Tyr2225
(Supplementary data Fig. S1b). We hoped this would further
increase mTOR potency whilemaintaining selectivity against the
PI3Ka and PI3KS isoforms, without a substantial increase in molec-
ular weight. In this Letter, we describe the synthesis and biological
evaluation of a series of mTOR selective N-7 substituted imidazol-
opyrimidines and expand the SAR to include N-Me-pyrrolopyrimi-
dine and N-Me-pyrazolopyrimidine scaffolds.

N-7-Substituted imidazolopyrimidines 11a-f (Scheme 1) were
prepared by alkylation of 4,6-dichloro-1H-benzo[d]imidazole with
either iodomethane or iodoethane under basic conditions to obtain
the desired N-7-alkylated 2,6-dichloro-imidazolopyrimidine 7a or
7b, respectively, in modest yield after separationfrom the major
N-9 alkylated products 6a or 6b. Displacement of 7 with various
morpholine derivatives selectively produced 6-morpholino inter-
mediates 9, which underwent standard Suzuki coupling with the
pinacol ester of N-ethyl-N'-phenyl urea 10 to give N-7-alkylated
imidazolopyrimidines 11a-f. Regiochemically controlled synthesis
of 7a was accomplished through treatment of theobromine 8 with
phosphoryl chloride in the presence of N,N-diethylaniline, but the
overall yield (10-15%) was not superior to N-alkylation.’? A high
yielding method for regiospecific controlled synthesis of 7a using-
trimethyloxonium  borofluorate  with  N-9-(4-methoxyben-
zyl)purine in 2,2,2,-trifluoroethanol was later reported.”® To
obtain the C-8 tertiary alcohol 13 (Scheme 2), 9a was lithiated at
C-8 using lithium diisopropylamide and then quenched with
acetone, followed by Suzuki coupling, as described above.
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Figure 2. (a) An initial model of 4 docked into a homology model of the mTOR protein. Key residues predicted to contribute to binding and selectivity versus PI3K isoforms
are included, as are solvent accessible surfaces color coded by lipophilicity (green = lipophilic, pink = hydrophilic, grey-white = in between). Hydrogen bonds between ligand
and protein are shown as hashed lines with cylinders. The distance between the carbon on the (S)-3-methyl-morpholine and the closest Trp2239 carbon is shown in green. (b)

Model of an alternate conformation of compound 4 docked into a homology model of the mTOR protein. The distance between the carbon on the (S)-3-methyl-morpholine
and the closest Trp2225 carbon is shown in green.
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Scheme 1. Reagents and conditions: (a) K,COs, R'I, acetone, 60 °C, 13% yield; (b) POCls, N,N-diethylaniline, 130 °C, 18 h, 10-15% yield; (c) Morpholine derivatives, DIPEA,
DMF, 60 °C, 70-85% yield; (d) (PPhs)4Pd, KOAc, Na,CO5, ACN, H,0, 7-50% yield.
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Scheme 2. Reagents and conditions: (a) (i) 5 equiv LDA, THF, —78 °C, 1 h, (ii) excess acetone. —78 °C to rt. Overall 60% yield; (b) (PPh3),Pd, KOAc, Na,COs, ACN, H,0, 45% yield.

Following the same methodology illustrated in Schemes 1 and

using the major alkylated products, 6a and 6b, as starting interme-
2, N-9-alkylated imidazolopyrimidines 2-4 and 14 were prepared

diates. The N-5-methyl-pyrrolo[3,2-d]pyrimidinyl analogs 15-16
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Scheme 3. Reagents and conditions: (a) (i) fuming HNOs3, H,SOy, 0 °C, (ii) SOCl,, NH40H, 0°C to rt, (iii) 10% Pd/C, EtOH, 60 psi H,. Overall 46-51% yield; (b) CDI, ACN, reflux
98% yield; (c) POCls, N,N-diethylaniline (3:2 v/v), 130 °C. 60-72% yield; (d) morpholine derivatives, DIPEA, DMF, 60 °C. 86-93% yield; (e) (PPh3)4Pd, KOAc, Na,CO5, ACN, H,0,

54-78% yield.

Table 2

mTOR potency and PI3Ka and PI3Ky selectivities of N-7-Me versus N-9-Me-imidazolopyrimidines*®

)
3 oy
R\ , N

N
R'— |
N

~N

~

N)\©\ o)
PN
H H

R2°
Compd R! (N-9) R? (N-7) R® mTOR (nM) PI3Ka (nM) PI3Ko/mTOR PI3Ks (nM) PI3K3/mTOR
3 CH(CH,),0H Me 7 390 55 490 68x
13 CH(CH5),0H Me 30 7000 230x 7300 240%
4 H Me 12 370 30 890 72
11a H Me 30 >10,000 >330x >10,000 >330x
14 H Et 8 380 46 630 78x
11b H Et 40 >10,000 >250x >10,000 >250x

2 Assays are described in Refs. 9b and 11.

b Values are at least two separate determinations with typical variations of less than +30%.

were prepared from readily available 2,4-dichloro-5H-pyrrolo[3,2-
d]pyrimidine according to the synthetic route described in
Scheme 1.

In order to prepare pyrazolo[4,3-d|pyrimidine analogs of 21a-d,
we condensed pyrazolo intermediates 18 with CDI to give pyrimid-
inediones 19, which were treated with phosphoryl chloride in the
presence of N,N-diethylaniline to provide dichloropyrimidines 20
(Scheme 3). The pyrazolo intermediates 18a and 18b wereprepared
following a literature method from readily available 1-methyl-1H-
pyrazole-5-carboxylic acid and 1,3-dimethyl-1H-pyrazole-5-car-
boxylic acid, respectively.'® A typical SNAr reaction of 20 with
morpholine derivatives followed by Suzuki coupling with the
pinacol ester of N-ethyl-N'-phenyl urea 10 led to the desired
N-1-methyl-pyrazolo[4,3-d]pyrimidines.

All final compounds were tested for inhibition of mTOR, PI3Ka,
and PI3KS kinases. In vitro mTOR potency was measured with a
LanthaScreen FRET assay against recombinant mTOR kinase do-
main; in vitro PI3K potency was determined using a fluorescence

polarization assay against PI3Koo and PI3KS as previously
described.®®!! Cellular potency was measured by the inhibition
of phosphorylation of two substrates of mTOR, Akt (serine 473)
and p70S6K, in a PTEN-null prostate carcinoma NCI-PC3 cell line.
Antiproliferative activity was determined in a 3-day viability assay
using NCI-PC3 and MCF7 neo/HER2 cell lines.!!

A comparison of a small set of N-7 versus N-9 alkylated imidaz-
olopyrimidines is shown in Table 2. N-7 alkylated compounds 13,
11a, and 11b displayed a modest 2.5- to 5-fold decrease in mTOR
potency relative to their N-9 alkylated counterparts 3, 4, and 14,
respectively. The hoped-for increase in mTOR potency of 11a by
the presence of the N-7-imidazolopyrimidine methyl group forcing
the morpholine (S)-3-methyl toward Tyr2225 was not realized
(Supplementary data Fig. S1b). However, exquisite selectivities to-
ward the PI3Ka and PI3K3 isoforms were maintained. The N-7-imi-
dazolopyrimidine methyl group may have altered the allowed
torsions of the bond connecting the morpholine to the imidazolo-
pyrimidine, subtly affecting the ability of the morpholine oxygen
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Table 3
Effect of morpholine derivatives with N-7-methyl-imidazopyrimidine®®

R!

Me
N N
Io®
NT >N /(\)L
N

Potency/selectivity

Target modulation® Proliferation

Compd R! mTor (K; PI3Ka (IC50 nM) PI3K3 (ICs0 nM) p-Akt Pp70S6K ICsq NCI-PC3 ECsg MCF7neo/Her2MDA ECsq
nM) (fold) (fold) IC50(nM) (nM) (nM) (nM)

(@)

11a [ (S] 30 >10,000 (>330x) >10,000 (>330x) 630 2200 290 1300
(0]

11c [ j 150
N
(0]

11d [I\{l’;l\ 69 5800 (84x) 4000 (58x) 650 730
o

11e [ (Sj_, - 4 >10,000 (>2600x ) >10,000 (>2600x ) 69 153 737 518
N ‘
(0]

11f [ > 120 6400 (53x) 7300 (61x) 7200 8900
N

@ Assays are described in Refs. 9b and 11.

b Values are at least two separate determinations with typical variations of less than +30%.

¢ Assayed in NCI-PC3 cell line.

to form an optimal hydrogen bond to the backbone NH of Val2240
of mTOR. The modest 2.5- to 5-fold drop in potency for these com-
pounds were difficult to explain with a homology model. The ter-
tiary alcohol at C-8 of 11a was equipotent to N-9-Me analog 13
and had no effect on mTOR potency. Modeling predicted that these
moieties on C-8 were largely solvent exposed. For 11a and 11b, a
dramatic reduction in PI3Ka and PI3Ky potencies was observed,
with ICs5¢o> 10,000 nM for both isoforms. This was consistent with
the hypothesis from modeling that an additive effect between a
small lipophilic group at the N-7 position on the imidazolopyrim-
idine and a (S)-3-methyl on the morpholine could result in a selec-
tivity gain towards PI3 kinases. The N-7 methyl has packed tightly
against the face of Trp2239 in mTOR, whereas a non-optimal inter-
action with the edge of Trp812 (PI3K numbering) was seen in the
corresponding region in PI3K. Due to its favorable lead-like proper-
ties (clogP = 2.2, TPSA =97, ligand efficiency 0.36), we focused on
11a as a starting point for evaluating the effects of morpholine
substitution.

The mTOR potencies and PI3K selectivities among N-7 methyl-
imidazolopyrimidine and substituted morpholine analogs are
shown in Table 3. Compound 11c, lacking a methyl group at the
3-position of the morpholine, was five fold less potent against
mTOR than 11a. As mentioned previously, the imidazolopyrimi-
dine N-7 methyl may have projected the morpholine 3-methyl
group into a space adjacent to Tyr2225 in the homology model
(Fig. 2b), partly filling a hydrophobic cavity in the area. Without
a 3-methyl substituent occupying the lipophilic pocket created
by Tyr2225, the unsubstituted morpholine in 11c could freely twist
to adopt other low energy conformations, effectively increasing the

entropy of the system and reducing the potency. The (R)-3-methyl
enantiomer 11d showed a two fold drop in mTOR potency relative
to the S-enantiomer 11a. To accommodate the morpholine (R)-3-
methyl into the lipophilic pocket created by Tyr2225, the morpho-
line may have twisted slightly out-of-plane, altering the optimal
hydrogen bond vector from the ring oxygen to the backbone NH
of Val2240 of mTOR. Homomorpholine 11f showed more than a
four fold decrease in mTOR activity. An increase in steric clash be-
tween the larger homomorpholine and the N-7-methyl may have
resulted in the homomorpholine ring adopting an out-of-plane
conformation, which would be less tolerated by mTOR. Introduc-
tion of an (S)-3-ethyl substituent on the morpholine (11e) resulted
in a 7.5-fold gain in mTOR inhibition relative to the (S)-3-methyl
analog 11a, leading to a single digit nanomolar inhibitor against
mTOR (K; =4 nM) while keeping the ICso> 10,000 nM for both
PI3K isoforms. N-7-methyl substitution restricted the morpho-
line-to-imidazolopyrimidine torsion angle such that the (S)-3-
ethyl moiety could fully pack into the hydrophobic space adjacent
to Tyr2225 (Fig. 3). Compound 11e also showed greater than a nine
fold potency boost over 11a in the cellular p-AKT (ICs¢ = 69 nM)
and p-p70S6K (ICso = 153 nM) assays, and acceptable anti-prolifer-
ative potency in the submicromolar range.

We then extended our N-7-alkylated imidazolopyrimidine
hypothesis by replacing the heterocyclic core with either
pyrrolo[3,2-d]pyrimidine or pyrazolo[4,3-d]pyrimidine (Table 4).
These similar ring systems have been reported as potent PI3K
and/or mTOR inhibitors.®'® Additionally, the pyrazolo ring
nitrogen off the pyrazolopyrimidine can orient more toward sol-
vent and may decrease a desolvation penalty on binding. In the
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Figure 3. Compound 11e docked into a homology model of mTOR. Predicted ligand-protein H-bonds are shown in green, with distances between heavy atoms included. A
solvent accessible surface of the active site is present, color coded by molecular electrostatic potential calculated using the protein active site atoms (red = negative;
blue = positive; white = neutral).!®> Key residues hypothesized to contribute to mTOR potency and selectivity against PI3K isoforms have been included.

Table 4
mTOR, PI3Ka, and PI3K3S potencies and selectivitites of N-methyl-pyrrolo[3,2-d]pyrimidines and N-methyl-pyrazolo[4,3-d]pyrimimdines®®

(0]
N/U\N/\
H H
Potency/selectivity Target modulation® Proliferation
Compd R! R? X mTor(K; PI3Ka (K; nM) PI3Kd (K; nM) p-Akt ICsg p-p70S6K NCI-PC3 ECso MCF7neo/Her2MDA ECsq
nM) (fold) (fold) (nM) IC50(nM) (nM) (nM)
o
10,000 >10,000
» " ,
15 [N ., H CH 19 (>518) (>518) 77 110 1900 9000
[O
10,000 >10,000
N 10, ,
16 N H CH 6 (>1800%) (>1800%) 11 40 280 420
o
Sj >10,000 >10,000
21a ['\i) o, H N 8 (>1290x) (>1290x) 8 47 420 760
(0]
10,000
r; oo
21b [N "y, H N 1 3400 (>2800x ) (>8300%) 8 15 130 260
(0]
21c [ (S],, - Me N 2 5800 (2900x) >10,000 (>5300) 4 8 86 160
NT
21d gﬁl\? H N 28 5135 (180 x) 5147 (180x) 340 270 2900 1700

v
i

2 Assays are described in Refs. 9b and 11.

b Values are at least two separate determinations with typical variations of less than +30%.
¢ Assayed in NCI-PC3 cell line.

increased mTOR inhibition, with 21a and 21b displaying single
digit nanomolar potency in the mTOR biochemical assay and
desirable selectivity against the PI3Ko (>2800x) and PI3K3

pyrrolo[3,2-d]pyrimidine series, (S)-3-Me morpholine 15 and(S)-3-
Et morpholine 16 had comparable biochemical potency to 11a and
11e, respectively. The pyrazolo[4,3-d]pyrimidine series displayed
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(>8300x) isoforms. We then explored the SAR of pyrazolo[4,3-
d]pyrimidines by preparing a bridged morpholine 21d (S,S isomer)
to evaluate the effect of a constrained morpholine packing against
the face of Tyr2225. An N-7-methyl substituent with a bridged
morpholine was tolerated (K;=28 nM) although mTOR potency
was reduced 3.7- and23-fold relative to 21a and 21b, respectively.
This reduction may be due a less tight packing of the extra
methylene unit against Tyr2225. This bridged substitution was also
reported in a potent morpholine derivative when combined with
N-9 alkylated pyrazolopyrimidines.”® Substitution of C-3 on the
pyrazolo[4,3-d]pyrimidine was also probed. The C-3 methyl
analog 21c was equipotent to 21b and displayed a 2900-fold
selectivity toward PI3K. Furthermore, 21c showed exceptional
cellular potencies in single digit nanomolar range [p-AKT IC5q =4
nM and p-p70S6K ICso 8 8 nM] and good anti-proliferative
potencies  [NCI-PC3ECs5o=86nM and MCF7neo/Her2MDA
ECso= 160 nM].

A representative compound (21a) from the N-Me pyrazolo[4,3-
d]pyrimidine series was selected for a mouse pharmacokinetic
study. The mouse iv profile showed 21a possessed acceptably
low plasma clearance and a low volume of distribution
(Cl=13 mL/min/kg, Vss =0.36 L/kg). After a 25 mg/kg oral dose,
21a was found to suffer from non-optimal bioavailability
(%F =4.4; dosed orally as a suspension in MCT). The cause for
low bioavailability was not permeability or transporter mediated
efflux,since a MDCK (Madin-Darby canine kidney epithelial cells)
cellular assay of 21a showed good permeability with minimal ef-
flux potential (Papp B-A=8.6 x 107® cm/s; net flux ratio = 0.55).
Limitation of oral absorption may be due to low aqueous solubility,
given that the thermodynamic aqueous solubility of 21a was mod-
erate at 63.2 uM (pH 7.4). Solubility-related physicochemical fac-
tors!” such as compound dissolution in biorelevant media,
basicity (pKa), or particle size may also be contributing to its low
bioavailability. Compound 21a was observed to have a partial crys-
talline form, affecting its solubility due to different dissolution
rates and particle sizes (data notshown).

In conclusion, guided by structure-based design, we were able
to synthesize and evaluate a variety of N-7-Me-imidazolopyrimi-
dines, N-5-Me-pyrrolo[3,2-d]pyrimidines, and N-1-Me-pyrazol-
0[4,3-d]pyrimidines for mTOR inhibition and selectivity against
PI3K. We identified N-1-Me-pyrazolo[4,3-d]pyrimidine as a lead
series with exquisite mTOR potency, high selectivity versus PI3Ka
and PI3KS, and excellent cellular potency. Unfortunately, poor oral
bioavailability precluded further development of this series. Subse-
quent to this work, Xray crystal structures of the mTOR kinase
domain have been reported.'® Our homology model of the protein
matched up quite well to the observed residue positions in the ac-
tive site, validating the useof the model in our structure-based de-
sign studies (Supplementary data Fig. S2).
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