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ABSTRACT: Fifty-eight analogues of the'&erminal 7-methylguanosine-containing cap of eukaryotic
messenger RNA were synthesized and tested for their ability to inhibit in vitro protein synthesis. A new
algorithm was developed for extractiig, the dissociation constant for the cap analogli4E complex,

from protein synthesis data. The results indicated that addition of a methyl group to the N2 of guanine
produced more inhibitory compounds, but addition of a second methyl group to N2 decreased the level
of inhibition dramatically. Aryl substitution at N7 improved the efficacy of guanine nucleoside
monophosphate analogues. Substitution of the aromatic ring at the para position with methy} or NO
groups abolished this effect, but substitution with Cl or F enhanced it. By contrast, aryl substitution at N7
in nucleoside di- or triphosphate analogues produced only minor effects, both positive and negative. By
far the strongest determinants of inhibitory activity for cap analogues were phosphate residues. The
beneficial effect of more phosphate residues was related more to anionic charge than to the number of
phosphate groups per se. The second nucleotide residue in analogues of the’@ppphh affected
inhibitory activity in the order G C > U > A, but there was no effect of 2-modification. Opening

the first ribose ring of MGpppG analogues dramatically decreased activity, but alterations at-the 2
position of this ribose had no effect. Non-nucleotide-based cap analogues containing benzimidazole
derivatives were inhibitory, though less so than those containing 7-methylguanine.

Messenger RNA is recruited during the initiation of protein latter group is composed of elF4A, a 46 kDa ATP-dependent
synthesis by binding to the 43S initiation complex to form RNA helicase; elF4B, a 70 kDa protein that anneals
the 48S initiation complexlj. Cis-acting elements in MRNA  complementary RNA strands and also stimulates elF4A
that stimulate this process include thet&minal 7-meth- activity; elF4E, a 25 kDa cap-binding protein; and elF4G, a
ylguanosine-containing cap, thé-t8rminal poly(A) tract, linking protein that has specific binding sites for RNA, elF3,
and, in a small subset of viral and cellular mRNAs, an elF4A, elFAE, and the poly(A)-binding protei6-10).
internal ribosome entry sequend®.(A number of factors . . . .
determine the degree){o wqhich (?agslation is dependent on. elFAE has been isolated from a wide variety of species,

each of these cis-acting elements. These include the mRNA"LCILr’dr':g human', irabtgt, mr?urS% ra(enopu;?]elsitiftc_—
in question, the cell type, and alterations of cells caused byC aromyces cetesias saccharomyces pomogheat,Ara

heat shock %), virus infection @), and meiotic maturation bidopsis thalianaCaenorhabditis elegan®rosophila mel-

(5). Cap-dependent initiation also requires trans-acting factors2N09aster andAplysia californica(11-13, and references
that include elF3and members of the elF4 group)(The therein). Intriguingly, multiple isoforms of elF4E differing

in primary structure have been found in a single species,
e.g., humani4, 15), wheat (6), andC. elegang12). In all
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of PHAS-I in response to insulin and other mitogens releases These findings suggest the possibility that inhibiting the
elF4E @4—26). Finally, the rate of elF4E gene transcription action of elF4E pharmacologically might preferentially
is increased by a variety of mitogenic stimubi7( 28). interfere with the growth and division of rapidly growing

Analogues of the mMRNA cap have been useful in studying cells, e.g. those that are malignantly transformed. Indeed,
elF4E function and cap-dependent translation. Initial studies the expression of antisense RNA directed against elF4E
demonstrated that 7-methyl GMP and 7-methyl GTP prevent mRNA slows growth and produces a more normal phenotype
binding of mMRNA to initiation complexes, prevent cross- in ras-transformed fibroblast${), and expression of PHAS-I
linking of periodate-oxidized mMRNA to elF4E, and inhibit and -Il, which sequester elF4E, reverses the oncogenic
in vitro protein synthesis (reviewed in r2§). Cap analogue-  phenotype obrctransformed cells58). Similarly, rapamy-
sensitive cross-linking to periodate-oxidized mRNA and cap cin, which inhibits the branch of the phosphatidylinolitol
analogue inhibition of protein synthesis were the assays 3-kinase pathway leading to PHAS-I phosphorylatidB, (
initially used for identification and purification of elF4B(, 59, 60), does not affect basal protein synthesis but completely
31). Immobilized cap analogues form the basis for affinity blocks insulin-stimulated synthesis of the growth-regulated
chromatography of elF4E3R, 33). The direct binding of protein c-Myc as well as DNA synthesis and cell cycle
cap analogues to elF4E has been assessed by quenching @irogression43).

intrinsic Trp fluorescence in elF4E34—36) and enhance- One possibility for interfering with the action of elF4E
ment of 7-methylguanosine fluorescen&®)( Varying the  would be to develop cap analogues with high affinity and
structure of the cap analogue demonstrated that binding tospecificity for elF4E. However, dissociation constants meas-
elF4E (or inhibition of protein synthesis) can still occur if yred by direct binding between cap analogues and purified
(1) the 7-substituent is an aryl or alkyl group other than e|F4E often do not correlate well with efficacy as inhibitors
methyl, (2) the ribose rings are substituted at thpdsition,  of cap-dependent protein synthesis (see the Discussion).
and (3) the N2 of guanine is substituted with one but not Therefore, we chose in this study to test cap analogues as
more methyl groups37—41). Cap analogues with more nhibitors of in vitro translation. To compare various cap
phosphate groups or that are part of an oligonucleotide bind analogues quantitatively, we developed a new algorithm for
elFAE with greater affinity 39, 42). extracting dissociation constants from in vitro translation

Messenger RNAs differ in their dependence on the cap data. Using this algorithm, we re-evaluated a number of cap
structure for initiation. Cap analogues added to an in vitro analogues previously tested and also examined a series of
protein synthesis system inhibit different mMRNAs to varying new cap analogues.
degrees (reviewed in r@d). In vivo, stimulation of the signal
transduction pathways leading from insulin receptor to MATERIALS AND METHODS
phosphorylation of elF4E and PHAS-I increases the rate of
translation of c-Myc mRNA but not actin mRNA4). Cap Analogues Cap analogues (Figures—5) were
Overexpression of elF4E in cultured cells causes preferentialSynthesized by the procedures referenced in Table 1. The
translation of a small subset of mMRNAs that are involved in concentration of each cap analogue was calculated from
cellular growth and cell cycle progression that have been absorbance measurements as follows. For compalnig,
termed “growth-regulated” (reviewed in reft and 45). 15-19, and 22-32, the absorbance was read at two pH
These include the mRNAs encoding ornithine decarboxylase, values and two wavelengths, since 7-methylguanine exists
ornithine aminotransferase, c-Myc, cyclin D1, ribonucleotide @s @ mixture of cationic and zwitterionic forms at neutral
reductase, basic fibroblast growth factor, vascular endothelialPH (61). The concentration was calculated from each
growth factor, and several others. These growth-regulated@bsorbance reading using the following molar extinction
mRNASs tend to have unusually long-6ntranslated regions ~ coefficients: pH 6.0, 258 nm, 114 10% pH 6.0, 282 nm,
that contain high degrees of secondary structure, upstream?-34 x 10% pH 9.0, 258 nm, 6.05¢ 10% and pH 9.0, 282
open reading frameS, or non-AUG initiation codons. By nm, 8.78x 1C. The average concentration was calculated
contrast, elF4E is less important for translation of “house- from the four readings. For other cap analogues, a single
keeping” mRNAs. Although the mechanism by which elF4E absorbance reading was taken at pH 7.0, and the following
preferentially increases the rate of translation of growth- 4max@nd extinction coefficients were used3, 245 nm, 7.4
regulated mRNAs is not well understood, it is likely to be x 10% 14, 270 nm, 7.0x 10°% 20 and33, 253 nm, 11.8x
related to the unwinding of MRNA secondary structure by 10% 21and34, 260 nm, 13.7< 10% 35, 245 nm, 7.0x 107,
Comp|exes of elF4 factorﬂ_@ 47) 36, 270 nm, 6.9x 10?, 37, 255 nm, 23.0x 1@, 38 and48,

This selective stimulation of growth-regulated mRNA 259 nm, 16.0x 10% 39, 255 nm, 21.4x 10% 40, 50, and
translation by elF4E may explain the observation that excess®L 255 nm, 22.6x 10% 41 and 55, 251 nm, 25.5x 10%
intracellular levels of eIFAE are correlated with abnormal 42 255 nm, 19.6x 10% 43, 255 nm, 19.3x 10% 44, 259
cell growth. Overexpression of elF4E in cultured cells from M, 21.3x 10% 45, 262 nm, 21.1x 10% 46, 262 nm, 16.7
transfected vectors causes accelerated growth, loss of contack 10% 47, 260 nm, 18.5¢< 10% 49, 256 nm, 23.5¢< 10% 52,
inhibition, growth in soft agar, and formation of tumors in 251 nm, 19.8x 10% 53, 54, and58, 255 nm, 21.0x 107,
nude mice 48, 49). Malignant breast carcinomas have greatly 56, 258 nm, 17.0x 10% and57, 256 nm, 23.0x 10°.
elevated levels of elF4E50—-52), and elF4E can serve as In Vitro Translation Micrococcal nuclease-treated reticu-
an independent prognostic indicator of clinical outcosi& ( locyte lysate was prepared from anemic rabbits as described
54). Similarly, recurrence of head-and-neck cancers is previously 62). Several preparations of reticulocyte lysate
predicted by the level of elF4E in tumor margins5). were used in the course of this study. Rabbit globin mRNA
Amplification of the elF4E gene has been reported for breast was prepared from polyribosomes of reticulocyte lysate and
carcinomas %6). used at a concentration ofg/mL (63). Uncapped rabbit
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and does not depend solely on elF4E activity. Furthermore,
as the initiation phase of protein synthesis is progressively
inhibited, the rate of protein synthesis is increasingly limited
by initiation rather than by elongation or termination, so
dependence on elF4E increases. A kinetic model was
previously developed that takes into account the rate
constants of both initiation and elongatio®6). This was
subsequently expanded to include terms for the cap analogue
concentration], and the dissociation constant of the cap
analogueelF4E complexK, (63). In this formulation, the
number of new polypeptide chains initiated per min@g,
FIGURE 1. 7-Substituted guanosiné-mono-, di-, and triphosphate  is given by the expression

cap analogues.
Q = kymy(1 — nDI(R, — menN)/(1 + I/K))] (1)
f-globin mMRNA was synthesized by in vitro transcription

of plasmid pO®34 (64) using SP6 polymerase following Wherek; is the rate constant for initiatiomy is the total
the manufacturer’s instruction6%) and used in translation ~ concentration of mMRNAn is the probability that a codon is
reactions at a concentration of 4@/mL. [*H]Leu (60 Ci/ covered by a ribosomé, is the number of codons covered
mmol) was purchased from DuPont-New England Nuclear. by one ribosomeR, is the concentration of ribosomes, and
The concentrations of all components in translation reactions N is the number of codons in the mRNA. The valuena$
were as described previousl§3) except that MgGlwas at obtained by settin®; equal to the flux of ribosomes across

W W NN NN N NDN
2 0 W o NG AW

1.0 mM and potassium acetate was adjusted te-150 mM a particular codonQe, which is the situation that occurs at
to give maximal translation for each preparation of lysate. steady state6). o _
Assay of Cap AnalogueZhe biological activity of each A modification of the kinetic model previously developed

cap analogue was tested at six or seven concentrations by®3 was made in the study presented here to take into
inhibition of translation at 30C for 1 h. For groups | and ~ account the fact that a certain fraction of translation is

compounds85 and36 (see Table 1), the range of concentra- Independent of the cap. This has been shown in several ways,
tions was 16-1000uM. For groups IVa and IVb, the range € the fact that uncapped mRNAs are translated at all, albeit
was 16-5004M. For groups |1, IlI, and IVc the,range was atalower rate7, 68), and that cap analogues fail to inhibit
6—200 uM. In each assay, a standard cap analogue wastranslation completely&().

included at each of the same concentrations (see below). Thus,

Calculation of K Values The competition between a cap Q=Q,+Q (2)
analogue and an authentic mMRNA cap for binding to the
active site of elF4E is formally similar to the competition where Q, is the total rate of translationQ.; is the cap-
between a competitive inhibitor and a substrate for binding independent component, ay is the cap-dependent com-
to the active site of an enzyme. However, protein synthesis ponent, as defined in eq 1. The relative contributionQgf
is the result of a large number of sequential catalytic reactionsand Q; to Q; vary as a function of many factors, including
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Ficure 3: Dinucleotide cap analogues with 7-methylguanine.

the type of mMRNA being translated, the pH, the ionic
strength, the mRNA concentration, and the particular batch
of reticulocyte lysate that is used (reviewed in 28). Q;

was therefore treated as an unknown to be determined in
the curve-fitting algorithm (see below).

The program KaleidaGraph (version 3.06; Synergy Soft- of lysate that is used. To allow comparison between
ware, Reading, PA) was used to fit curves in which the extent experiments, we included a standard cap analogue in every
of inhibition of in vitro translation was measured as a assay of an unknown cap analogue. However, diicalues
function of cap analogue concentration. The fit of eq 2 to for the various cap analogues ranged from 2 to 10010 it
the experimental data was obtained by iterative least-squaresvas not possible to use a single standard cap analogue for
minimization. The independent variable was the cap analogueall compounds. Instead, a standard cap analogue was used
concentration| (in micromolar). The dependent variable was that had &, most similar to that expected for the unknown
radioactivity incorporated into globinQ; (in counts per cap analogue (based on structural similarities). Thus, 7-benzyl
minute). Three constants were optimized by the curve-fitting GMP was used as a standard forpzeplorobenzyl) GMP,
algorithm: Qg Ki, andQ?, the latter being the cap-dependent 7-methyl GpppG was used as a standard for 7-methyl
rate of translation with no inhibitor present. GpppA, etc. The standard cap analogues used for each

Normalization of KValues between Experimenés noted unknown cap analogue are listed in Table 1.
above, the degree to which in vitro translation is dependent A primary standard of 7-methyl GTR22) was chosen,
on the cap is influenced by many factors, including the batch against which all other standard cap analogues were com-

50. R = CH,OH
51. R=H
Ficure 5: Ribose ring-opened cap analogues.
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Table 1: Comparison of Cap Analogues as Inhibitors of in Vitro Protein Synthesis

no. of no. of
ref for ref for different  different apparent
number compound synthesi3 previous assay syntheses assay® standarél K SEM
group |: nucleoside monophosphates
1 7-methyl GMP 39 38 40,69, 72,73, 78 1 12 22 382 65
2 7-(2-phenylethyl) GMP 69 69 1 2 3 233 11
3 7-benzyl GMP 69 69 1 3 1 113 8
4 7-(p-methylbenzyl) GMP 78 1 2 1 NId
5 7-(p-nitrobenzyl) GMP 78 1 2 1 NI
6 7-(p-chlorobenzyl) GMP 78 2 3 1,3 51.2 155
7 2,7-dimethyl GMP 41 3841 1 1 1 151 22
8 2-ethyl-7-methyl GMP 78 1 2 1 136 3.0
9 2-methyl-7-ethyl GMP 78 1 1 1 338 116
10 2-methyl-7-(2-phenylethyl) GMP 78 1 1 1 173 26
11 2-methyl-7-p-chlorobenzyl) GMP 78 2 2 1 13.9 2.1
12 2,7-dimethylsecoGMP 79 1 1 1 NI
13 benzimidazole riboside MP 80 2 3 1 NI
14 3-methylbenzimidazole riboside MP 80 2 2 1 NI
group II: nucleoside diphosphates
7-methyl GDP 72,73 1 2 22 7.50 0.13
16 7-(p-chlorobenzyl) GDP 78 1 2 15 6.76 1.59
17 2-methyl-7-p-chlorobenzyl) GDP 78 1 1 15 4.20 1.06
18 2,2,7-trimethyl GDP 78 1 1 22 132 33
19 2,2-dimethyl-7-p-chlorobenzyl) GDP 78 1 1 15 109 32
20 2-methyl GDP 78 1 1 22 114 14
21 2,2-dimethyl GDP 78 1 1 15 271 92
group lll: nucleoside triphosphates
22 7-methyl GTP 39 7273 1 10 none 4.39 0.89
23 7-benzyl GTP 78 2 3 22 8.42 0.53
24 7-(p-chlorobenzyl) GTP 78 2 2 22 704 127
25 7-(p-fluorobenzyl) GTP 78 1 2 22,23 7.35 0.85
26 2,7-dimethyl GTP 78 2 3 22 4.31 0.46
27 2-methyl-7-benzyl GTP 78 1 1 22 3.40 0.22
28 2-methyl-7-p-chlorobenzyl) GTP 78 2 2 22 2.94 0.24
29 2-methyl-7-p-fluorobenzyl) GTP 78 1 2 22,23 3.39 0.07
30 2,2,7-trimethyl GTP 78 1 1 22 75.8 18.3
31 2,2-dimethyl-7-p-chlorobenzyl) GTP 78 1 1 22 38.6 10.8
32 2,2-dimethyl-7-p-fluorobenzyl) GTP 78 1 1 22 83.6 11.3
33 2-methyl GTP 78 1 1 22 75.7 11.1
34 2,2-dimethyl GTP 78 1 1 22 206 23
35 benzimidazole riboside TP 80 1 1 1 284 100
36 3-methylbenzimidazole riboside TP 80 1 1 1 411 155
group IV: dinucleoside polyphosphates
(a) diphosphates
37  7-methyl GppG 81 1 40 128 9
38 7-methyl Gpp(7-methyl G) 81 1 1 40 371 52
39 3-methylbenzimidazole riboside ppG 80 2 2 40 394 13.8
(b) triphosphates
40  7-methyl GpppG 41 70 2 13 22 171 1.0
41 GpppG 81 72 1 2 40,54 246 66
42 7-methyl Gppp(20-methyl G) 82 7283 1 2 40 208 2.2
43 7-methyl Gppp(2deoxy G) 82 1 1 40 27.8 1.9
44 7-methyl GpppA 73,82 3873 1 1 40 315 1.9
45 7-methyl Gppp(6-methyl A) 82 1 1 40 33.7 2.4
46 7-methyl GpppC 82 1 1 40 22.7 1.8
47 7-methyl GpppU 82 1 1 40 24.2 1.9
48 7-methyl Gppp(7-methyl G) 81 1 1 40 31.0 4.2
49 2,7-dimethyl GpppG 41 1 1 40 14.7 2.3
50 7-methylsecoGpppG 79 1 2 40 371 30.6
51 7-methyl-acyclo GpppG 79 1 1 40 73.3 15.0
52 benzimidazole riboside pppG 80 2 2 40 622 74
53 3-methylbenzimidazole riboside pppG 80 2 2 40 747 333
(c) tetraphosphates
54 7-methyl GppppG 81 70 2 2 40 3.62 0.46
55 GppppG 81 1 1 54 181 28
56  7-methyl Gpppp(7-methyl G) 81 70 1 1 54 267 052
57 2,7-dimethyl GppppG 81 1 1 54 2.15 0.20
58 3-methylbenzimidazole riboside ppppG 80 2 2 40 268 9

aLiterature citations are given for the synthesis of each compound and for any previously published assay of its ability to inhibit in vitrortranslatio
b The number of different syntheses for each compound is given as well as the number of different times that compound was assayed for inhibition
of in vitro translation in this work® The cap analogue that was used as an internal standard in determining the inhibition of in vitro tratslation.
inhibition (apparenK; > 1000uM).




Quantitative Assessment of Cap Analogue Inhibitors Biochemistry, Vol. 38, No. 26, 1998543

pared. An averagK, for 7-methyl GTP of 4.39t 0.89uM 25
was obtained from 10 separate experiments using several
different batches of reticulocyte lysate. Each of the six
secondary cap analogue standards, 7-methyl GMP, 7-benzyl
GMP, 7-methyl GDP, 7-benzyl GTP, 7-methyl GpppG, and
7-methyl GppppG, was assayed in the same experiment as
the primary standard, 7-methyl GTP, and & was
determined. When an unknown cap analogue was assayed,
the K, values for both the unknown and the standard were
determined. Th& of the unknown was then normalized on ]
the basis of theK, determined for the standard. This 0.5 )
procedure is illustrated below. Since the final values reported ] e wicTP
for unknown cap analogues were derived by normalization ol

of the primary data, we refer to them as appaténtalues. 0 0 100 150 200 250

RESULTS vo Concentration (uM)

)

2.0 <\>\°

1.5 1

Protein Synthesis (cpmx 10 ™

Estimation of Apparent KValues A total of 58 different
cap analogues were synthesized for this study (Figurés.1
In the case of 14 of these, a second synthesis was performed
to confirm the appareri, values obtained with the first (see
Table 1). Each cap analogue was assayed for its ability to
inhibit synthesis of rabbit globin from exogenous globin
mMRNA in a rabbit reticulocyte translation system. A series
of six concentrations of each cap analogue was tested in the
same experiment with the same range of concentrations of
the appropriate standard cap analogue (given in Table 1). 4
The standard cap analogue was used to normalize variations ]

1

Protein Synthesis (cpm x 10 )
/
A

between experiments. In the case of 28 of the 58 compounds,
two or more independent assays were performed to confirm e e
results of appareri; determinations.

Typical results for three cap analogues (two unknowns . .
FIGURE 6: (A) Extraction of apparerK, values from translational

and one standard) are §hown in Figure 6A. The curve§ inhibition data. A nuclease-treated rabbit reticulocyte lysate transla-
represent least-squares fits of eq 2 to the data points. In thision system was programmed withg/mL rabbit globin mRNA,

100 150 200 250
Concentration ( uM)

particular experiment, cap-independent translati@y) (vas and the rate of protein synthesis was measured in the presence of
found to represent 11.2% of total translatid®)( The K| the indicated concentrations 22 (solid line with @), 26 (dashed
values obtained in this experiment were 2:830.22 uM line with 00), and30 (dashed line with®). The data were fit to eq

. 2 by least-squares minimization, from which an appatgnvas
for one of the unknowns, 2,7-dimethyl GTR§], 43.0 £ determined for each cap analogue. (B) Comparison of cap-

10.4uM for the other of the unknowns, 2,2,7-trimethyl GTP  dependent and cap-independent translation. The extent of inhibition
(30), and 2.49+ 0.25uM for the standard, 7-methyl GTP  of translation of capped rabbit globin mRNA) and uncapped
(22) In 10 experiments conducted over several years in /-globin mMRNA (@) was measured at the indicated concentrations
which several different batches of reticulocyte lysate and of 33
exogenous globin mRNA were utilized, the averagdor to be important for binding, since cap analogues containing
7-methyl GTP was 4.38M. TheK, values of the unknowns  7-methylinosine or 7-methylxanthosine fail to inhibit MRNA
were therefore normalized by multiplying by a factor of 1.76 binding to ribosomes3({7). Previous studies have shown that
(4.39/2.49) to yield 4.99- 0.39uM for 26 and 75.8+ 18.3 a single methyl substituent at N2 is tolerat&y, (38, 41).
uM for 30. Two other independent assaysa# produced Quantitative analysis shows that addition of a single methyl
uncorrectedK, values of 4.91 and 8.88M, which were group to N2 increases the effectiveness of cap analogues as
normalized by the same procedure to 3.43 and 480 translational inhibitors (Table 1). This generalization holds
respectively. The average of all three normalized values for at the level of 7-methyl-substituted nucleoside MR/§ 1),
26(4.31+ 0.46uM) appears in Table 1. The average without 7-(2-phenylethyl)-substituted nucleoside MRO(vs 2),
normalization would have been 5.521.76 uM. 7-benzyl-substituted nucleoside TP7(vs 23), 7-(p-chloro-
With some of the weaker cap analogues, significant benzyl)-substituted nucleoside TR8(vs 24), 7-(p-fluoro-
inhibition was not observed except at high concentrations, benzyl)-substituted nucleoside TEY(vs 25), and dinucleo-
raising the question of whether the compound could be side tetraphosphat&7 vs54). An improvement is also seen
competing with GTP in the numerous GTP-requiring steps with an ethyl group at N2§ vs 1). Interestingly, addition of
of initiation, elongation, and terminatiori){ To test this, the N2 methyl group converts even GDE)(and GTP 83)
we assayed some of them, (22, 33, 35, and 36) with into weak inhibitors of cap-dependent (but not cap-
uncapped globin mRNA (Figure 6B). In none of these cases independent) translation.
was inhibition of uncapped mRNA translation observed, Effects of Two Methyl Groups at NPrevious studies
ruling out a general inhibition of GTP-dependent reactions. indicated that, while one methyl group on N2 can be
Effect of a Single Alkyl Substituent at NPhe exocyclic tolerated, the presence of two methyl groups greatly dimin-
amino group N2 of the 7-methylguanine moiety is known ishes the effectiveness of the ca}8(41). The results of
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our analysis confirm this observation. Thus, the appafent

Cai et al.

Phosphate GroupsBy far the largest determinants of

values of dimethylated N2 cap analogues were consistentlyinhibitory activity for cap analogues are the phosphate
higher than those of the corresponding N2-unsubstituted residues. Adding thg phosphate in the 7-methylguanosine

analogues (Table 1). This was true at the level of 7-methyl-

ated nucleoside DRL8Vs 15), 7-(p-chlorobenzyl)-substituted
nucleoside DP9 vs 16), 7-methylated nucleoside TB(
vs 22), 7-(p-chlorobenzyl)-substituted nucleoside T3 ¢s
24), and 7-p-fluorobenzyl)-substituted nucleoside TB2{s

series improves inhibitory activity 51-fold (Table 15 vs

1), and adding ther phosphate improves it another 1.7-fold
(22 vs 15). Derivatives containing substituents that increase
inhibitory activity compared to that of the 7-methyl analogue
are further improved by addition ¢gf and y phosphates.

25). The antagonistic effect of the second methyl group is However, more inhibitory analogues benefited progressively

observed even with 7-unsubstituted cap analog&sg 20
and 34 vs 33). Interestingly, approximately 70% of the
mMRNAs inC. elegangontain the 2,2,7-trimethyl G cap, but

less from phosphate addition. In the DP series, the improve-
ment was 8-fold for 74§-chlorobenzyl) {6 vs 6) but only
3-fold for 2-methyl-7-p-chlorobenzyl) {7 vs 11). In the TP

there are different isoforms of elF4E that are capable of series, the improvement for adding b@tlandy phosphates

recognizing it (2).

Aryl Substituents at N7Previously, it was shown that
7-benzyl GMP was more effective as an inhibitor of
translation than 7-methyl GMPR69). This result was con-
firmed in this study (Table 13 vs 1). We explored various
modifications of the aromatic ring to see if such cap

was 35-fold for 2,7-dimethyl26 vs 7), 13-fold for 7-benzyl
(23vs 3), 7-fold for 7-(p-chlorobenzyl) 24 vs 6), and 5-fold
for 2-methyl-7-p-chlorobenzyl) 28 vs 11), with the phos-
phates again making less of a contribution for the more
inhibitory cap analogues.

The beneficial effect of more phosphate residues seems

analogues could be made even more effective. Substitutingto be more related to anionic charge than to the number of

at the para position with methyl or N@roups made the
cap analogue a poorer inhibitet &nd5 vs 3). Substituting

at the para position with Cl, however, improved the cap
analogue 2-fold as an inhibito6 (vs 3). Combining the
positive effect of a 74f-chlorobenzyl) substituent with the

phosphate groups per se. Th@g, with a charge of-3.5 at
neutral pH, is more inhibitory tha#0, with a charge of-2.5,
even though they both contain three phosphates. (At neutral
pH, the 7-methylguanine moiety is half-protonated.) The
nucleoside TP is also more inhibitory than the corresponding

positive effect of an N2-methyl substituent produced the most dinucleoside TP for the 2,7-dimethyl analogués ys 26).

effective inhibitor in the nucleoside MP serigsl), 27-fold
more effective than the parent compount). (Another

More anionic charge converts the ribose ring-opened ana-
logue from a noninhibitorX2) to an inhibitor £0). This is

aromatic substituent at N7 also improved efficacy as an also true for analogues that do not even contain a 7-methyl-

inhibitor slightly, but not as much as benzy ys 1). This

guanine moiety; members of the benzimidazole riboside

effect was observed for N2-unsubstituted analogues but notseries become more inhibitory as the anionic charge is

for N2-methyl analogueslQ vs 7).
At the level of nucleoside TP, by contrast, the substitution
of benzyl for methyl at N7 was not benefici®23 vs 22).

increased. Thus, compound8s, 52, and13 have charges of
—3.5, -3, and—1, respectively, and decrease in the same
order as inhibitors. Similarly, the 3-methylbenzimidazole

This contrasts with a previous report that 7-methyl GDP and ribosides58, 35, 53, and14 have charges of 3, —2.5, -2,

7-benzyl GDP exhibited similar activities in preventing
reovirus mMRNA binding to ribosomes37). A marginal
improvement was caused pyhalo substitutions25 and24

and —1.5, respectively, and decrease in the same order as
inhibitors. One member of the 3-methylbenzimidazole series
does not fit this pattern for unknown reasons, the nucleoside

vs 23), but even these were less effective than the 7-methyl diphosphate39, which is the best inhibitor of the series.

analogue 22). In the DP series, the p{chlorobenzyl)
substituent is only slightly more inhibitory than the 7-methyl
group (L6 vs 15). For the N2-methyl nucleoside TP series,
the effect of substituting aryl for methyl at N7 produced a
small improvementZ7—29 vs 26). However, the improve-

A further improvement in inhibitory activity is seen by
addition of a fourth phosphate. Thus, the tetraphospladtes
58 are more inhibitory than their TP homologué8, 41,
48, 49, and53by 5-, 1.4-, 12-, 7-, and 2.8-fold, respectively.
A previous study reported tha# and56 were 25-50-fold

ment (between 1.3 and 1.7-fold) was considerably smaller more potent as inhibitors than their TP counterpart),(
than that seen with the nucleoside MP series (between 3- andhut we do not see such a large effect. Another previous study
7-fold). As noted above, the presence of two methyl groups indicated that there was little effect of adding thphosphate

on N2 greatly diminishes the inhibitory effect of cap
analogues. In such analogues, g+lilorobenzyl) substitu-

(39). However, our results indicate that TPs are more
effective than DPs for 7-methyPR vs 15), 2-methyl-7-p-

ent nonetheless improved the inhibitory properties in the TP chlorobenzyl) 28 vs 17), 2,2,7-trimethyl 80 vs 18), 2,2-

series 81 vs 30). However, there was no significant effect
of 7-(p-chlorobenzyl) substitution in the DP serieE9(vs
18) or 7-(p-fluorobenzyl) substitution in the TP serie32(
vs 30).

In summary, 7-aryl substitutions have a strong positive
influence on the weaker nucleoside MP inhibitors (as long
as the aromatic ring does not have methyl or.N@ups),

dimethyl-7-p-chlorobenzyl) 81 vs 19), 2-methyl 33 vs 20),
and 2,2-dimethyl34 vs 21) substituents. The best inhibitors
in the entire group of 58 analogues5g, which combines
two favorable modifications, high anionic charge and N2
methylation.

Second Nucleotide Moietplthough a recent report notes
that 2-O-methylation of the first nucleotide residue after the

but the effect of 7-aryl substituents on the stronger nucleoside TP stimulates enosmRNA recruitment to the ribosom&J),
DP and TP inhibitors is marginal and varies from compound we find little difference betweedA0Oand42. This agrees with

to compound. Interestingly, the 2-methyl{F-¢hlorobenzyl)

previous studies withrtemia salinaand wheat germ extracts

analogue is the best inhibitor in either the nucleoside MP which indicated that nucleoside diphosphates and their

(11), DP (17), or TP @8) series.

corresponding 20-methyl analogues had similar inhibitory
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activity (72, 73) and that 20-methyl, 3-O-methyl, and 2 proteins. The correlation of binding constants with the
deoxy-7-methyl GMP analogues have similar inhibitory individual interactions between groups in the active site of
activity (39). However, 43 is slightly less inhibitory. elFAE and specific structural features of the cap can best be
Similarly, 6-methylation of A causes no change in inhibition made with data obtained by this method. An advantage of

(45 vs 44). The two pyrimidine-containing capt and47 the second method, inhibition of translation, is that it
have similar activity, but none of the “natural’ cap analogues measures the effect of the cap analogue in a more physi-
is as effective as 7-methyl Gppp@2 and 44—47 vs 40). ological setting, in which elF4E is present at very low

As noted above, and somewhat surprisingly, the dinucleo- concentrations but other proteins that might interact non-
side TPs are considerably less potent inhibitors than thespecifically with the cap analogue are present at very high
corresponding nucleoside TPs. Thd8, 42, and44—47 are concentrations (e.g., 50 mg/mL in reticulocyte lysate). For

between 4- and 8-fold less potent th2? and49 is 3-fold the purpose of screening compounds of potential therapeutic
less potent tha@6. This contrasts with previous reporf2( value, the translational assay is more appropriate. Such
73) which indicated that the nucleoside TPs and dinucleoside compounds must have high selectivity, stability, and affinity
TPs have similar activities. for elF4E in the presence of the entire complement of cellular

Ribose Ring Earlier studies showed that ribose ring- Proteins. _ _
opened derivatives of 7-methyl GMP are less active trans- Previously published data on comparison of cap analogues
lational inhibitors than 7-methyl GMP itself39, 40). as inhibitors of protein synthesis is fragmentary at best.
Consistent with this, we find a dramatic reduction in Generally, only compounds assayed in the same study can
inhibitory activity upon opening the ribose ring, whether e compared, and most previous studies have not provided
considered at the nucleoside MP2(vs 7) or dinucleoside ~ duantitative data at all. In vitro translational systems and
TP (50 vs 40) level. However, the acyclo derivatiV&l is different types of mRNAs differ widely in their response to
more inhibitory than the seco derivati0. The acyclo ~ Cap analogues. In one study, for instance,Ahsalinaand
moiety can easily adopt a conformation close to that of the Wheat germ systems translating the same mRNA differed
normal ribose ring, but this is impossible for the seco Nearly 4-fold in sensitivity to cap analogues, and even within
derivative because of steric effec. This raises questions ~the same translational system, different mRNAs varied up
of specificity in experiments in which periodate-oxidized 0 3-fold in sensitivity to cap analogu@3). Consequently,
mRNAs are utilized for cross-linking studie2s). a survey of the literature cannot produce quantitative

Benzimidazole Deratives The possibility of developing ~ CoMParisons among the cap analogues assayed to date. By

derivatives based on ring systems other than the purine ringusing the same translational system_ under strict condi_tions
is attractive because of the large number of additional of pH, mRNA type, mRNA concentration, salt concentration,

compounds potentially made available. We examined one €IC We have obtained a data set that is reasonably self-
such alternative ring system, the benzimidazoles. Like consistent. By including standard cap analogues in each assay

7-methylguanine, 3-methylbenzimidazole is positively charged, 21d normalizing the data, we have further improved the
but its charge does not vary with pH in the neutral range as internal agreement of this data set. ysmg this assay, we have
does that of 7-methylguanine. Also, like 7-methylguanine, redetermined thg apparent translatloNaValugs of 11 cap !

it may form stacking interactions with Trp, since it does so 2nalogues previously assayed and determined for the first

with guanine 76). However, unlike 7-methylguanine, it is tUMe the apparerk, values of 47 new cap analogues.
unable to form hydrogen bonds. Such a compound would A Newly improved fluorescence quenching meth86)(
therefore be useful in trying to estimate the individual Y€!ds affinity constants for cap analogues that are in the

contributions of stacking and hydrogen bond formation to S2Me relative order but that are lower than those reported
the binding with elF4E. here 7). The reasons for the discrepancies between

fluorescence and translatior§) values are not known but
could include some or all of the following. Cap analogue
may bind nonspecifically to other proteins in the reticulocyte
lysate translational system, thereby lowering their effective
concentrations. This would not necessarily be the same for
54). Addition of a methyl group to the 3-position of all cap gr)alogues. For .instance, if nucleoside MPs bind
nonspecifically to proteins to a greater extent than do

benzimidazole, which is analogous to the 7-position of nucleoside TPs, it would explain the greater disparity that is
guanine (see Figure 2), might have been expected to improve ' P 9 parity

inhibitory activity. However, the benzimidazoles and 3-meth- ngsir;/?ringle;\tli\fneglr t\rllill;(?rsrngre(t:?e:;nslr(])??:o?g glsséisgigiﬁer
ylbenzimidazoles had similar activity at all levels of phos- P :

possibility is that not all of the elF4E is in the pathway for
phate groupsi3 vs 14, 35 vs 36, and53 vs 52). translation. The elF4E-binding protein PHAS-I prevents
DISCUSSION elFAE interaction with elF4G but does not prevent elF4E
interaction with the cap. (elF4BHAS-I complexes are
The interactions of cap analogues with elF4E may be isolated on 7-methyl GTP-Sepharose affinity columns.) Thus,
assessed either by physical chemical methods, e.g., fluoressome of the cap analogue may bind to nonfunctional elF4E.
cence quenching, or by functional assays, e.g., inhibition of Finally, our knowledge of the actual mechanism of protein
protein synthesis (see the introductory section). Each methodsynthesis initiation is incomplete, and the relatively simple
has advantages and disadvantages. An advantage of th&inetic model used for curve fitting may be inappropriate. It
fluorescence quenching method is that it is carried out with is not known, for example, if elF4E initially binds the cap
purified elF4E and does not reflect the influence of any other as part of the elF4F complex, as part of an even larger

Some of the benzimidazole derivatives were active as
inhibitors of translation (Table 135, 36, 52, 53, and 58).
At all levels of phosphate, however, benzimidazole analogues
were considerably less active than their 7-methylguanine-
based counterpartd3 vs 1, 35vs 22, 52 vs 40, and58 vs
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complex containing elF3, or as part of the 43S initiation
complex. Nor is it known whether elF4E remains bound to
the cap or dissociates as the 43S initiation complex begins
to scan for the first AUG.

The functional groups of cap analogues that make them
more effective inhibitors of protein synthesis can be rational-
ized to some extent in terms of the tertiary structure of the
elFAEcap analogue compleXq, 18). Introduction of two
methyl groups on the N2-amino group of 7-methylguanine
disrupts a hydrogen bond with Glu-103, but one alkyl
substitution at N2 leaves the hydrogen bond intact. This part
of the cap is close to the protein surface, so the additional
methyl substituent is easily accommodated in the complex.
This methyl group closes the hydrophobic pocket of elF4E
more tightly and thus may enhance its hydrophobicity. The
substantial increase in the inhibitory properties upon addition
of the 8 phosphate is due to three additional hydrogen bonds
with Arg-112, Arg-157, and Lys-162. The stabilizing interac-
tions for they phosphate have not been identified, since the
structural studies were performed with elFZEnethyl GDP
complexes. However, another Lys residue occurs in this
region, Lys-159, and there is also the possibility of forming
a hydrogen bond with Asp-161.

The effects of para substituents on the 7-benzyl group are
harder to rationalize. In terms of electron withdrawing
properties, the order is NO> F > Cl > H > CHs. In terms
of size, the order is NO> CH; ~ Cl > F > H. The order
of inhibition of in vitro protein synthesis for the MP series
is Cl > H > CH; =~ NO,. For all three of the TP series
[2-NH>, 2-NH(CHg), or 2-N(CH),], the order is CI> H ~
F. Neither of these series correlated, either positively or
negatively, with the electron withdrawing series or the steric
bulk series. One possibility is that electron-withdrawing
groups are favorable until they become too large. Another
possibility is that substitutions that enhamcelectron density
of the benzyl ring favor cap binding. From the location of
the 7-methyl group in the known tertiary structures, it is
likely that the 7-benzyl group formszastacking interaction
with Trp-166. Strongly electron-withdrawing groups such as
NO, and F should weaken these stacking interactions.
However, Cl at a para position forms resonance structures
that actually increased electron density.
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