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ABSTRACT: A new series of non-nucleoside reverse transcriptase inhibitors based on
an imidazole-amide biarylether scaffold has been identified and shown to possess potent
antiviral activity against HIV-1, including the NNRTI-resistant Y188L mutated virus. X-
ray crystallography of inhibitors bound to reverse transcriptase, including a structure of
the Y188L RT protein, was used extensively to help identify and optimize the key
hydrogen-bonding motif. This led directly to the design of compound 43 that exhibits
remarkable antiviral activity (EC50 < 1 nM) against a wide range of NNRTI-resistant viruses and a favorable pharmacokinetic
profile across multiple species.

■ INTRODUCTION

The discovery and implementation of highly active antire-
troviral therapy (HAART) in 1995 revolutionized the treat-
ment of HIV/AIDS, significantly improving mortality rates to
where it is now considered a manageable, chronic disease.
Efavirenz [EFV (Figure 1a)] is a key component of HAART
and acts as a non-nucleoside inhibitor of HIV-1 reverse
transcriptase (RT), the enzyme responsible for conversion of
viral RNA into double-stranded DNA. A concern with respect
to efavirenz is its low genetic barrier for viral resistance,
whereby a single-point mutation (e.g., K103N) renders the
drug impotent (Table 1).1 The search for second-generation
NNRTIs active against efavirenz-resistant HIV-1 strains and
with higher genetic barriers to resistance has yielded two
additional drugs, etravirine and rilpivirine (Figure 1a and Table
1).2 However, viral resistance to this mechanistic class of
inhibitors continues to emerge, and there is a clear need to
discover new agents with unique resistance profiles.
In the past decade, efforts at GlaxoSmithKline led to the

clinical development of 2 (GW634), a prodrug of a potent non-
nucleoside RT inhibitor 1 [GW248 (Figure 1b)].3 Compound
2 lowered HIV-1 viral RNA titers in NNRTI-experienced
patients when given as a monotherapy over 7 days.4 However,
there were several potential issues associated with 2 that the
backup program aimed to address. First, preclinical studies
revealed that the primary pathway for metabolic clearance was
amide hydrolysis that liberated the corresponding carboxylic
acid and aniline.5 Recent studies have raised concerns around
the potential toxicity associated with aromatic amines;6 as such,
removing the possibility of forming an aniline metabolite
became a priority. Second, rash remains a major tolerability
issue associated with efavirenz treatment and a liability that
future drugs in this class need to address.7 Although the
evidence linking rash to sulfonamide functional groups remains
controversial,8 it seemed prudent to avoid this moiety

altogether in a backup compound. Similarly, reports that
benzophenone-containing drugs can cause photosensitivity
responses in patients prompted us to target analogues lacking
this structural motif.9 Finally, the in vitro resistance profile of 2
revealed the emergence of viruses with mutations at position
188 of HIV-1 RT.3 One mutation in particular, Y188L, renders
the virus resistant to many known NNRTIs, including efavirenz
(Table 1).10 Therefore, we focused on identifying inhibitors
that would address these clinical needs.

■ RESULTS AND DISCUSSION
Of the desired structural changes outlined above, removal of
the benzophenone group proved to be the most straightfor-
ward. In addition to our efforts,11 other research groups had
previously described inhibitors containing the biarylether linker
that was incorporated into our design.12−14 With respect to
eliminating potential aniline metabolites, a simple solution was
to reverse the amide connectivity, thereby leading to the
envisioned target scaffold I (Figure 1b). While it was unclear if
this spatial arrangement of hydrogen bond donor and acceptor
would be tolerated, the potential for rapid analogue synthesis
and the plethora of readily available carboxylic acids supported
this approach. The requisite benzylamine 6 was prepared in
eight steps with a reasonable overall yield [26% (Scheme 1)]
from the commercially available phenol 3. The reactions
performed well on a multigram scale, providing easily isolated
intermediates and access to hundreds of grams of amine 6.
Benzylamine 6 was coupled with a diverse set of carboxylic

acids to give the desired analogues in good yields.15 Initial
results with an aryl sulfonamide similar to the one that had
improved potency within the benzophenone scaffold were
disappointing, especially the absence of activity against the
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important Y188L virus [compound 7 (Table 1)]. The benzoic
acid derivatives in general failed to deliver an attractive antiviral
profile, but in contrast, heteroaryl carboxamide analogues
proved to be much more promising. While the 2-benzofuranyl
analogue 8 also displayed poor antiviral activity, a modest
improvement was noted with the 2-indole and 2-benzimidazole
derivatives (9 and 10, respectively), suggesting that a hydrogen
bond donor adjacent to the amide linker was advantageous.
This observation was supported by analogues 11 and 12, in
which removal of the hydrogen bond donor via N(1)-
methylation of the imidazole (11) resulted in a >10-fold loss
of potency versus the des-Me analogue (12).
The similar activity between benzimidazole 10 and imidazole

12 was encouraging because the latter possessed improved
physicochemical properties with respect to molecular weight
and lipophilicity [cLogP (Table 1)]. A strong emphasis has
been placed on improving the physicochemical properties of
drug candidates as a means of reducing attrition in late stage
clinical development.16 Substitution at the 4-position of the
imidazole (R1) with a Me group (13) led to a slight
improvement in potency compared to that of protio analogue
12; however, introduction of an electron-withdrawing CF3
group (14) afforded a compound with subnanomolar potency
versus WT and K103N viruses. More importantly, activity
against the Y188L virus was also achieved. Replacing the CF3
substituent with other small electron-withdrawing groups such
as Cl and Br (15 and 16, respectively) led to >45-fold increases
in Y188L activity and antiviral profiles that surpassed that of the
previous clinical candidate, 1. Both compounds display
subnanomolar activity against another common mutation in
HIV-1, Y181C, which confers NNRTI resistance.
An X-ray crystal structure of analogue 15 bound to HIV-1

reverse transcriptase (Figure 2) shows the existence of two
optimal H-bonds between (a) the carbonyl of the imidazole
carboxamide and the amide NH group of Lys103 (2.9 Å) and
(b) the imidazole NH group and the carbonyl of Lys103 (2.8
Å). The two-point binding motif explains the enhanced
potency observed for heterocycles bearing an NH group
adjacent to the amide carbonyl versus those without (compare
compounds 9, 10, and 12−16 to compounds 8 and 11). It also
explains the lack of resistance to the K103N mutation because
these inhibitors hydrogen bond to NH and CO groups

located along the protein backbone and not with the amino
acid side chain. As shown in Figure 2, the Lys103 side chain is
oriented away from the inhibitor and shows little change in
orientation upon being mutated to Asn103.
The beneficial effect on potency resulting from substitution

at the imidazole 4-position appears to be multifaceted. Small,
lipophilic groups such as Me, CF3, Cl, and Br groups (examples
13−16, respectively) occupy a small, hydrophobic pocket
created by P225, F227, and P236 (Figure 2), thereby providing
enhanced binding affinity over the 4-H analogue 12. The
superior activity of the analogues bearing electron-withdrawing
groups (14−16) versus the analogue with an electron-donating
group (13) may be in part attributed to the lower pKa of the
imidazole (NH) proton. The measured pKa’s of the imidazoles
of analogues 15 and 13 are 8.9 and >12, respectively.17

Increased acidity facilitates hydrogen bonding and results in
stronger binding of the inhibitor to the protein backbone.
Another factor contributing to the increased activity observed

with electron-withdrawing versus electron-donating groups at
the imidazole 4-position is an energetic preference for a
conformation conducive for binding to reverse transcriptase. A
number of rotameric and tautomeric conformations are
available to the imidazole-5-carboxamide derivatives; however,
binding to RT requires a linear arrangement of a hydrogen
bond acceptor (CO) and donor (NH). Experimental and
computational methods have shown that substitution of the 4-
position of imidazoles with electron-withdrawing groups favors
the comformation desired for RT binding.18,19 To explore this
hypothesis in the context of our lead series, we conducted ab
initio calculations on a related molecule, 4-chloro-N-ethyl-
imidazole-5-carboxamide, to assess the relative energies of
probable conformational and tautomeric forms (Figure 3a).
The results show that the conformation required for RT
binding, A, is the lowest-energy conformation, being 3.4, 8.6,
and 10.6 kcal/mol lower in energy than conformations C, B,
and D, respectively.20 This is expected as conformer A appears
to minimize destabilizing steric and electronic interactions
apparent in the other conformations. Conversely, ab initio
calculations with the analogous Me-substituted analogue reveal
that RT active conformation E is not the most stable but has
3.4 kcal/mol more energy than conformation G (Figure 3b).
Taken together, the results may account for the 24−72-fold

Figure 1. (a) Structures of three marketed NNRTIs, efavirenz, etravirine, and ripivirine. (b) Modification of undesirable structural features (yellow)
in a prior clinical asset (2) that led to the envisioned target scaffold I.
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decrease in the activity of 4-Me-substituted compound 13
relative to that of 4-chloro analogue 15 against wild-type and
K103N viruses.
Further investigation of the SAR required the syntheses of 4-

chloro-imidazole-5-carboxylic acids with substitution at the 2-

position. Simple alkyl groups were introduced via de novo
construction of the chloro-imidazole ring system according to
published reports (Scheme 2).21 Benzyloxyacetaldehyde 17 was
subjected to standard Strecker reaction conditions, and the
resulting aminonitrile was N-acylated with several acid chlorides

Table 1. Antiviral Potencies and cLogP Values of Aryl and Heteroaryl Analoguesa

aFor details of the assay, see ref 3. Standard deviations are listed in the Supporting Information. bcLogP was calculated using the model provided in
Daylight/Biobyte.
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in good yields. Heating the N-acylated α-aminonitriles 18−20
in the presence of PPh3 and CCl4 cleanly afforded chloro-
imidazoles 22−24, presumably via intermediate 21.21 Acid
cleavage of the O-benzyl protecting groups liberated the
primary alcohols that were converted to the desired carboxylic
acids 25−27 via a two-step protocol that avoided issues of
imidazole oxidation. The acids were coupled with benzylamine
6 to give the desired final products 28−30 (Table 2).
Unfortunately, the cyclization of α-aminonitriles was found

to have a limited scope and could not be adapted to incorporate
a number of other functional groups at the 2-position. To
further expand the SAR within this series, a more
straightforward approach involving the direct functionalization
of the imidazole ring system was explored. Commercially
available 2-bromo-4,5-dichloro-imidazole was SEM-protected
(compound 31) and then subjected to a one-pot, sequential
lithiation−trapping protocol (Scheme 3). Addition of n-BuLi at
−78 °C effected halogen−metal exchange at the 2-position, and
the resulting anion was trapped with 1 equiv of an electrophile
(TMS-Cl22 or MeSSMe). Addition of an additional 1 equiv of
n-BuLi afforded a second halogen−metal exchange that was
directed exclusively to the chlorine adjacent to the SEM-
protecting group.23 Subsequent treatment with DMF gave good

isolated yields of aldehydes 32 and 33, the former of which was
oxidized to the corresponding carboxylic acid 34. Although two
low-temperature metalation steps were required, this procedure

Scheme 1. Synthesis of the Requisite Benzylamine
Intermediate 6a

aReagents and conditions: (a) 1,2,3-trifluoro-4-nitrobenzene, NaH,
THF (74%); (b) di-tert-butylmalonate, NaH, THF; (c) TFA, DCM;
(d) CuO, Δ, MeCN (87% over three steps); (e) Na2S2O4, water/THF
(92%); (f) CuCl2, tBuONO, MeCN (67%); (g) NBS, AIBN, CCl4
(79%); (h) NH3, MeOH (84%).

Figure 2. Two key binding interactions exist between compound 15
and the backbone NH and CO groups of Lys103 of HIV-1 RT.

Figure 3. Relative energies for probable conformations of (a) 4-
chloro- and (b) 4-methyl-N-ethyl-imidazole-5-carboxamide as calcu-
lated using ab initio methods.20

Scheme 2. Syntheses of 2-Alkyl-4-chloroimidazole
Carboxylic Acidsa

aReagents and conditions: (a) NaCN, NH4Cl, NH4OH; (b)
R2C(O)Cl; (c) PPh3, CCl4, MeCN, Δ; (d) MsOH, CHCl3; (e)
MnO2, DCM, 1,4-dioxane, Δ; (f) NaClO2, NaH2PO4·H2O, 2-Me-2-
butene, tBuOH, THF.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm301294g | J. Med. Chem. 2012, 55, 10601−1060910604



was used to prepare multigram quantities of 34 (and ultimately
15) and proved to be superior to other methods aimed at
directly chlorinating the imidazole. For example, attempts to
chlorinate imidazole-5-carboxylic acid methyl ester using NCS
gave low yields (<20%) of the desired product. The sequential
lithiation protocol also provided access to 4-bromo-imidazole-
5-carboxylic acids (e.g., compound 16) by employing SEM-
protected 2,4,5-tribromo-imidazole as the starting material.
The treatment of the 2-lithiated imidazole with other

electrophiles allowed for the incorporation of a polar
functionality as in the case of paraformaldehyde, whereby the
corresponding methyl alcohol 35 was formed in 65% yield
(Scheme 3). The alcohol was protected as the TBDMS-ether
and then treated with an n-BuLi/DMF mixture to give aldehyde
36. Oxidation to the corresponding acid 37, coupling to
benyzlamine 6, and removal of protecting groups afforded the
final compound 38 (Table 2).
As shown in Table 2, increasing the size of the alkyl

substituents at the 2-position of the imidazole (Me, Et, and
nPr) resulted in a progressive decrease in activity against the

Y188L virus (examples 28−30, respectively). The deleterious
effects of hydrophobic groups in this region of the molecule
were not surprising given that these substituents project directly
toward the solvent. Unfortunately, appending a polar 2-
hydroxymethyl group (38) did not improve activity compared
to that of the 2-methyl variant (28). The X-ray crystal structure
of 38 bound to HIV-1 RT showed the methyl-alcohol
projecting into solvent with no direct interactions with the
protein (Figure 4), suggesting that while such substitution

might provide a means of improving aqueous solubility, it was
unlikely to significantly contribute to antiviral potency.
However, it appeared that an H-bond donor directly attached
to the 2-position of the imidazole might be able to interact with
the backbone carbonyl group of residue 104. On the basis of
this hypothesis, the 2-OH and 2-NH2 analogues were
synthesized (Scheme 4).

Table 2. Antiviral Activities and cLogP Values of Imidazoles
Substituted at R2

EC50 (nM)a

compd X R2 WT K103N Y181C Y188L cLogPb

15 Cl H 0.1 0.1 0.2 5.6 4.4
28 Cl Me 0.2 0.2 0.3 11 4.6
29 Cl Et 0.3 0.3 0.8 76 5.2
30 Cl nPr 0.3 0.4 1.3 240 5.7
38 Cl CH2OH 0.3 0.3 1.2 24 3.3
40 Cl OH 5.3 14 57 >1000 4.7
42 Cl NH2 0.1 0.1 0.1 0.9 4.1
43 Br NH2 0.1 0.1 0.1 0.5 4.2

aFor details of the assay, see ref 3. Standard deviations are listed in the
Supporting Information. bcLogP was calculated using the model
provided in Daylight/Biobyte.

Scheme 3. One-Pot Sequential Lithiation and Trapping of
SEM-Protected 2-Bromo-4,5-dichloroimidazolea

aReagents and conditions: (a) n-BuLi, THF, −78 °C; (b) TMS-Cl or
MeSSMe; (c) n-BuLi, THF, −78 °C; (d) DMF; (e) NaClO2,
NaH2PO4·H2O, 2-Me-2-butene, tBuOH, THF; (f) (CHO)n; (g)
TBSCl, imidazole, DCM.

Figure 4. Polar hydroxymethyl group of 38 that extends past the
carbonyl of K104 and projects into the solvent.

Scheme 4. Syntheses of 2-OH- and 2-NH2-Substituted
Imidazoles 40 and 42a

aReagents and conditions. Synthesis of 40: (a) NaOMe, CuBr (67%);
(b) n-BuLi, THF, −78 °C; (c) DMF (80%); (d) NaClO2,
NaH2PO4·H2O, 2-Me-2-butene, tBuOH, THF (quantitative); (e)
EDC, HOBT, 6, DMF; (f) TFA, DCM (56% over two steps); (g)
BBr3, DCM (15%). Synthesis of 42: (h) mCPBA; (i) NaN3, DMF
(69% over two steps); (j) NaClO2, NaH2PO4·H2O, 2-Me-2-butene,
tBuOH, THF (quantitative); (k) TFA, DCM; (l) EDC, HOBT, 6,
DMF; (m) Lindlar catalyst, H2 (50 psi), EtOAc (53% from 41).
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Initial results were perplexing in that 2-OH compound 40
displayed no activity against the Y188L virus while 2-NH2

derivative 42 remains one of the most potent compounds we
have tested. However, upon further examination, solution-
phase FT-IR experiments revealed that 2-OH analogue 40
exists almost entirely as the keto tautomer.24 Consequently, the
imidazolone oxygen is in the proximity of the carbonyl oxygen
of residue 104, and the ensuing electronic repulsion likely
accounts for the large decrease in potency. In contrast, the 2-
NH2 group exists as the amino tautomer that is capable of
hydrogen bonding with residue 104, leading to an improvement
in the Y188L antiviral potency versus that of the 2-protio
analogue (compare 15 to 42 in Table 2).

The optimized 2-NH2-imidazole moiety was also combined
with other modified benzylamine intermediates (see the
Supporting Information for synthetic details). One minor
modification in which the chloro substituent was replaced with
bromo on the central aromatic ring led to a further, albeit
modest, improvement in potency versus that of the Y188L virus
[compound 43 (Table 2)]. An X-ray crystal structure of
compound 43 bound to RT protein shows the existence of
three optimal H-bonds (Figure 5a). In addition to the two
hydrogen bonds to Lys103 described above (3.0 and 2.9 Å), a
third interaction exists between the imidazole 2-amino group
and the carbonyl of Lys104 (2.7 Å).

Figure 5. X-ray structure of compound 43 with HIV-1 RT that highlights (a) three-point binding of the amino-imidazole-amide with residues K103
and K104 (wild-type RT), (b) π-stacking and T-stacking of the terminal aryl ring of compound 43 with Tyr188 and Trp229 (wild-type RT), and (c)
loss of the favorable π-stacking interaction upon mutation of tyrosine to leucine at position 188 (Y188L RT).

Figure 6. Protein-adjusted EC50’s (PA-EC50) of compound 43 relative to those of the marketed NNRTI drugs efavirenz, etravirine, and rilpivirine
against a diverse set of NNRTI-resistant HIV-1 viruses. The EC50 values and protein shift values are reported in the Supporting Information.
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The inhibitor−protein interactions appear to be highly
optimized, to the point that potency is maintained against the
challenging Y188L virus. For the biarylether class of NNRTIs,
significant binding energy is gained through π-stacking (3.5 Å)
of the terminal aryl ring of the inhibitor with the phenol of
Tyr188 (Figure 5b). Mutation of tyrosine to leucine eliminates
this favorable interaction, resulting in decreased activity for the
inhibitor, often by as much as 100−1000-fold. We successfully
obtained an X-ray crystal structures of Y188L RT protein,25

including one with compound 43 bound to the NNRTI
allosteric site that clearly shows Leu188 packing against the
inhibitor aryl ring (Figure 5c). The fact that compound 43
exhibits a small shift in potency (5-fold) against the Y188L
virus (relative to the WT virus) suggests that the strong H-
bonds made through the imidazole carboxamide moiety are
capable of compensating for the loss of the favorable π-stacking
interactions.
The X-ray crystal structure of 43 bound to the wild-type RT

allosteric pocket also reveals a T-stacking interaction (3.7 Å)
between the terminal aryl ring of the inhibitor and the
tryptophan ring of W229 (Figure 5b), a residue that is
conserved across the NNRTI-resistant viruses. The favorable T-
stacking interaction (3.7 Å) is maintained upon mutation of
tyrosine 188 to leucine (Figure 5c); furthermore, the large
volume of the trisubstituted terminal aryl ring helps occupy the
void created by the smaller leucine side chain. These
interactions between the aryl ring and the protein may explain
the improved Y188L activity of 43 and the diarylpyridine
(DAPY) analogues (e.g., etravirine and rilpivirine) relative to
efavirenz, which places a nonaromatic cyclopropyl ring in this
portion of the binding pocket. The greater torsional flexibility
of the biarylether 43 compared to that of efavirenz may also
allow the inhibitor to adapt to conformational changes within
the NNRTI binding pocket that arise from mutations in the RT
protein and thereby maintain key binding interactions and
antiviral activity.
Compound 43 is active against a diverse set of NNRTI-

resistant viruses containing single-, double-, and triple-point
mutations that have been reported from clinical or in vitro
studies. With the exception of the doubly mutated Y181C/
F227C virus (EC50 = 3.2 nM), compound 43 exhibits
subnanomolar potency (EC50) against all of the NNRTI-
resistant viruses tested [33 of 34 viruses (see the Supporting
Information)].26 However, the antiviral efficacy of NNRTIs in
vivo is also dependent upon the free fraction of drug available
in plasma, and therefore, the effect of plasma protein binding
on in vitro potency was evaluated. The EC50’s of 43 and other
marketed NNRTIs versus wild-type HIV-1 were shifted in the
presence of physiological concentrations of human serum
albumin (40 mg/mL) and human α-1 acid glycoprotein (1 mg/
mL) with the following rank order: etravirine (13-fold) <
efavirenz (23-fold) < 43 (71-fold) < rilpivirine (116-fold).26 A

comparison of the protein-adjusted EC50’s (PA-EC50) for the
four chemotypes across a diverse set of NNRTI-resistant
viruses is shown in Figure 6.26 Overall, 43 displays a remarkable
resistance profile that is far superior to that of the gold
standard, efavirenz, especially against the most prevalent
NNRTI-resistant mutation, K103N. Furthermore, the activity
of 43 is maintained against viruses bearing mutations at
position 181 that have been shown to confer resistance to the
DAPY analogues etravirine and rilpivirine.27 For example, 43
showed a <3-fold decrease in potency against Y181I and Y181V
(relative to the wild type), while etravirine and rilpivirine
exhibited 83- and 76-fold changes, respectively. Compound 43
is also active against viruses bearing Y181 mutations and an
additional mutation, including Y181C/K103N, Y181C/V179F,
and Y181I/V179F. In contrast, etravirine and rilpivirine are less
effective at inhibiting viruses with the Y181 double mutations.
To the best of our knowledge, 43 represents one of the most
potent NNRTIs ever described and highlights the level of
antiviral activity that can be achieved with this mechanistic class
of inhibitors.
The in vivo pharmacokinetic profile of compound 43 was

examined across multiple species (Table 3). In general, the
compound exhibited a favorable PK profile with low clearance
in mouse, dog, and cynomolgus monkey and an oral
bioavailability of >80% in mouse and rat. The oral exposure
from a 5 mg/kg solution dose was high across all four species,
resulting in drug plasma concentrations 24 h after the dose
(C24) above the EC50 for all tested NNRTI-resistant viruses.
In summary, a new series of non-nucleoside reverse

transcriptase inhibitors based on an imidazole-amide scaffold
has been identified and shown to possess potent antiviral
activity against HIV-1, including the resilient Y188L-mutated
virus. X-ray crystallography of inhibitors bound to reverse
transcriptase, including the Y188L protein, was used extensively
to help identify and optimize the key H-bonding motif. This led
directly to the design of compound 43 that exhibits remarkable
antiviral activity against a wide range of NNRTI-resistant
viruses and a favorable pharmacokinetic profile across multiple
species. Subsequent studies with this compound as well as
further optimization within this scaffold will be reported
shortly.

■ ASSOCIATED CONTENT

*S Supporting Information
Experimental details for the syntheses and spectroscopic
characterization of the compounds in this paper and details
related to cellular and in vivo studies. This material is available
free of charge via the Internet at http://pubs.acs.org.

Accession Codes
The X-ray crystal structure coordinates for compounds 15 and
38 (wild-type RT) and compound 43 (wild-type and Y188L

Table 3. In Vivo Pharmacokinetic Profile of Compound 43

iva pob

species Cl (mL/min/kg) Vdss (L/kg) t1/2 (h) AUC0−α (ng/h/mL) %F

mousec 8.2 2.1 3.1 9605 94
ratd 28.6 ± 5.4 3.6 ± 0.4 2.2 ± 0.3 2509 84
doge 2.8 ± 0.1 0.9 ± 0.03 4.3 ± 1.0 14277 ± 939 47 ± 3
cynoe 4.7 ± 1.3 1.8 ± 0.1 6.1 ± 1.1 6458 ± 883 34 ± 5

aDosed intravenously at 1 mg/kg in a 10:10:80 DMSO/Solutol/5% mannitol mixture. bDosed orally at 5 mg/kg in a 10:10:80 DMSO/Solutol/5%
mannitol mixture. cComposite sampling; each time point represents n = 3 mice. dn = 3 for iv; n = 2 for po. en = 3 for iv; n = 3 for po.
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RT) have been deposited in the RCSB Protein Data Bank as
entries 2YNF, 2YNG, 2YNH, and 2YNI.
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