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Tyrosyl Transfer Ribonucleic Acid Synthetase from Escherichia coli B. Analysis of
Tyrosine and Adenosine 5'-Triphosphate Binding Sites?
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Structural and stereochemical requirements for substrate binding to tyrosyl-tRNA synthetase from
Escherichia coli B have been investigated using analogs of L-tyrosine and ATP. The two major binding
loci for the amino acid have been shown to be the phenol and amine moieties. The phenolic hydroxyl is
bound as its neutral form and does not act as a hydrogen bond acceptor. It is the primary site of recogni-
tion and its omission results in at least a 10,000-fold loss in binding. The amino group of the substrate
binds as its protonated form to an area of the enzyme which is probably best represented as anionic. The
carboxylate moiety does not appear to be a contact point and may be substituted by disparate groups
with little effect on binding. Adjacent to the carboxylate binding site lies a hydrophobic region and a
group capable of interaction with negatively charged substituents. The stereospecificity of the enzyme is
not exact and D enantiomers complex with only small losses in affinity. These losses may be attributed
to the energy required for rotation about the C,~Cg bond of D-tyrosine and its analogs or an analogous
conformational change of the enzyme, which is necessary to accommodate the major binding loci. Bind-
ing of ATP requires interactions of the intact triphosphate moiety. Analogs not possessing this moiety
bind as weak, noncompetitive inhibitors and may interact as dimers at a site remote from that which binds

to ATP.

Each of the aa-tRNA?¥ synthetases is responsible for the
attachment of an amino acid to the tRNA’s which recognize
the codons for that amino acid. Should an uncorrected mis-
take occur at this stage, the amino acid would be incorpor-
ated into an incorrect position of the protein.! The overall
reaction catalyzed by these enzymes appears to involve (1)
activation of a particular amino acid to form an aminoacyl
adenylate intermediate and (2) transfer of the activated
amino acid to its cognate tRNA.

aa + ATP = aa-AMP + PP; 1)
2a-AMP + tRNA = aa-tRNA + AMP )

An understanding of the molecular basis for the specific-
ity of these enzymes requires a knowledge of the inter-
molecular forces which lead to substrate recognition and
binding, as well as differences in the binding sites among the
various synthetases.

A'number of studies have recently been reported in which
competitive inhibitors have been utilized to map the active
sites of these enzymes®~® in an attempt to answer pertinent
questions regarding their specificity. Investigations of this
type also provide fundamental information necessary for
the design of potent and specific inhibitors of these enzymes
which should be useful for a variety of biological investi-
gations.

In the present work, analogs of L-tyrosine and ATP are
utilized to probe the topography and localized environment
of the substrate binding sites of tyrosyl-tRNA synthetase

+This work was generously supported by Grant CA14266 from
the National Cancer Institute, U. S. Public Health Service.

I Abbreviations used are: TRS, tyrosyl-tRNA synthetase (E.C. 6.1.
1.1) of Escherichia coli B; PRS, phenylalanyl-tRNA synthetase (E.C.
6.1.1.4) of Escherichia coli B, tRNATYr, tRNA specific for tyrosine
acceptance; aa-tRNA, aminoacyl-tRNA; aa-AMP, aminoacyl adeny-
late; ,8-CH -ATP, ,3-methylene ATP,

from Escherichia coli B. Comparisons with other activating
enzymes from the same source have permitted the assign-
ment of a number of differences and similarities in sub-
strate binding and recognition sites.

Materials and Methods

A 550-fold purified preparation of TRS was isolated from
E. coli B harvested in the late log phase (General Biochem-
icals) by the method of Calendar and Berg® with the excep-
tion that C-y gel fractionation was omitted. Under standard
assay conditions with saturating amounts of substrates, this
preparation catalyzed the exchange of 55 umol of 3*PP; into
ATP per minute per milligram of protein. Inhibition con-
stants (Kj) were obtained by double-reciprocal plots’ vary-
ing L-tyrosine or ATP - Mg in equal increments from 30 to
3.3 nmol/ml or 1.25 to 0.14 umol/ml, respectively; all other
components were held constant at the concentrations given
above. Values for Kj for noncompetitive inhibitors were
calculated using equations presented by Dixon and Webb.?
The MgCl, concentration used falls on the broad optimum
(5-15 mM) where the exchange rate is insensitive to small
variations. When inhibitors known to complex with Mg?*
were tested, an equivalent amount of MgCl, was added to
ensure against depletion. Protein concentration was de-
termined spectrophotometrically by the method of War-
burg and Christian® or Groves, et al.*° One unit of enzyme
is that amount incorporating 1 umol of 3*PP; into ATP in 1
min in the standard assay. The ATP-PP; exchange assay was
carried out as described by Calendar and Berg.® The standard
assay reaction mixture (1 ml) contained 100 mM Na caco-
dylate (pH7.0), S mM MgCl,, 2 mM ATP, 2 mM Na,P,0,
(ca. 10° cpm/umol), 10 mM 2-mercaptoethanol, 0.1 mg of
BSA, 0.1 mM tyrosine, and enzyme (0.005-0.007 unit).
The assay mixture was incubated at 37° and, at appropriate
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times, quenched with 0.7 mi of 15% HCIO,4 which contained
0.4 M PP;. The ATP was adsorbed on Norit and collected on
Whatman GF/C glass filters, and radioactivity was counted
on a Nuclear Chicago planchet counter.

L-Methyl (5), L-ethyl (13), and L-benzyl (19) tyrosinate
hydrochlorides, L-tyrosine amide (7), L-tyrosine hydrox-
amate (8), L-tyrosylglycine (34), tyramine - HCI (2), p-hy-
droxyphenylpropionic (42), p-hydroxyphenyllactic (43),
and p-hydroxyphenylpyruvic (44) acids, L-phenylalanine
(51), D-tyrosine, AMP (61), 3',5"-cyclic AMP (62), and 3
deoxyadenosine (72) were products of Sigma Chemical Co.
Candicine iodide (48), ATP (57), ADP (60), adenosine (71),
and adenine (80) were obtained from Aldrich Chemical Co.
L-Tyrosyl-L-glutamic acid (40) and a,3-CH,-ATP (59) were
obtained from Miles Laboratories; other peptides, as well
as L-tyrosine-B-napthylamide « HBr (33) and dopamine « HC!
(55), were obtained from Nutritional Biochemical Corp.
The amphetamine analogs listed in Tables IV and V were
gifts from Smith, Kline and French Laboratories. cis-4-(6-
Amino-9H-purin-9-yl)-trans-2-trans-3-dihydroxy cyclopen-
tanemethanol (73) was supplied by Southern Research
Institute, and 1-amino-p-hydroxyphenylphosphonic acid
(10) was obtained from Calbiochem. 2,3,5,6-Tetrafluoro-
DL-tyrosine {56) was a gift from R. Filler. The D-methyl
(6) {mp 189-190°, {a]*p 75.3° (c 1, pyridine)], L-n-
propyl (14) (mp 148-149°, 1it.'* mp 148°), L-n-butyl (15)
(mp 165-166°, 1it.}2 mp 162~164°), L-sec-butyl (16) (mp
175-176°,1it.'* mp 172°), and the L-isoamy! (18) (mp
160-162°, lit.* mp 158°) tyrosinates were prepared by
the general method of Boissonnas.'® terz-Butyl tyrosinate
(17) was prepared as described by Roeskie.!'* p-Hydroxy-
benzylamine - HCI (49) (mp 195-196°, 1it.’ mp 195°) was
prepared by the general method of Freifelder and Ng,'” and
p-hydroxyphenylpropylamine - HCI (50) (mp 160-161°,
lit.*® mp 158-159°) was obtained by LiAlH, reduction of
p-hydroxyphenylpropionamide employing the general syn-
thesis of Schoenenberger, et al. ** p-Tyrosinol - HC1(4) [mp
165-166°, [a}*p 18.9 (c 2.5, H,0)] was prepared by
LiAlH, reduction® of the p-methyl ester (6). Both L- and
D-tyrosinol adenylate (11, 12), [@]*p —3.47° (¢ 3.0, H,0)
and [a}®p +2.86° (¢ 1.5, H,0), respectively, were prepared
according to the literature procedure for the L isomer?! ex-
cept that N-carbobenzoxy-D-tyrosinol and N-carbobenzoxy-
L-tyrosinol prepared from the respective N-carbobenzoxy
tyrosines using the general procedure of Ishizumi, et al.,??
were employed instead of the V,0-dicarbobenzoxytyrosinols.
Both cis-9-(4-hydroxymethylcyclohexyl)adenine (75) and
cis-9-(3-hydroxymethylcyclopentyl)adenine (74) were pre-
pared as described by Schaeffer, ef al.?? (see Chemistry). 6-
Amino-9-(5-hydroxypentyl)purine (78) (mp 192-193°; HCI
salt, mp 168-171°, 1it.** mp 164-168°) and 9-(5-hydroxy-
hexyl)adenine (79) (mp 196-197°. Anal. (C;,H;,N;0) C, H,
N. Lit.® mp 184-187°) were prepared from adenine using
a direct alkylation procedure reported by Montgomery and
Thomas.?® The adenosine 5'-alkylphosphonates were gifts
of K. A. Montgomery of this laboratory.

Experimental Section

Melting points were taken in capillary tubes on a Mel-Temp
block and are corrected. All analytical samples had proper ir spectra
and moved as a single spot on tlc with Brinkmann silica gel GF; each
gave combustion values for C, H, and N within 0.4% of theoretical
values. Elemental analyses were performed by Galbraith Laboratories,
Inc., Knoxville, Tenn. Specific rotations were obtained using a Per-
kin-Elmer 141 polarimeter.

The L-tyrosine amides were prepared by the following general
procedures.

Santi, Peria

N-Carbobenzoxy-L-tyrosylanilide (95). Isobutyl chloroformate
(1.37 g, 10 mmol) in THF (5 ml) was added to a stirred, ice-cold
solution of N-carbobenzoxy-L-tyrosine (3.15 g, 10 mmol) and Et;N
(1.02 g, 10 mmol) in THF (20 ml). After 5 min, freshly distilled
aniline (930 mg, 10 mmotl) in THF (5 ml) was added, and the sol-
vent was removed at reduced pressure after 10 min. The residue was
dissolved in CHCI, (25 ml), extracted with H,0 (2 X 10 ml}, and
dried (MgSO,). After concentrating this solution to 5§ ml, C;H, (50
ml) was added while heating the mixture. On cooling, the precipi-
tated gel was filtered to give 1.98 g (50.7%) of white powder, mp
188-188.5°. Two additional precipitations from CHCl,-C,H, gave
the analytical sample, mp 188-188.5°. 4nal. (C,3H,,N,0,) C, H, N.

L-Tyrosine Ethylamide Hydrobromide (21). A solution of 84
(800 mg, 2.34 mmol) in HOAc (5 ml) was added to a solution of
phenol (10 g) in 36% HBr-HOAc (10 ml). After 1 hr at ambient
temperature the solution was concentrated to 5 ml and anhydrous
Et,0 (200 mi) was added. The precipitate was triturated with Et,0
to remove occluded phenol, dissolved in H,0 (5 ml), and decolor-
ized with Norit for 10 min with heating on a steam bath. The sol-
vent was removed at reduced pressure to give 631 mg (93%) of
crude HBr salt, which was recrystallized twice from MeOH-PrOH
to give 520 mg (77%) of the analytical sample, mp 164-166°. Anal.
(C,,H,,BiN,0,) C, H, N.

In cases where the HBr salts could not be readily crystallized,
isolations were performed by one of the following methods.

(A) Free Base. L-Tyrosine Benzylamide (25). The crude HBr
salt (627 mg) was made basic with 5% NaHCQ, (5 ml), extracted
with CHCl; (4 X 10 ml), and dried (MgSO,). This solution was
evaporated to dryness at reduced pressure to give 274 mg (48.4%)
of white powder which was recrystallized (twice) from toluene-
CHCI, to yield 261 mg (46%) of the analytical sample, mp 175.1~
175.5°. Anal. (C,(H,;N,0,) C, H, N.

(B) p-Toluenesulfonate Salt. L-Tyrosylanilide p-Toluenesul-
fonate (32). The crude HBr salt (540 mg) was dissolved in H,0
containing 2 equiv of TsOH +H,0 (615 mg). The granular salt pre-
cipitated with gradual cooling to give 665 mg (76%) of crude pro-
duct, mp 265~267°. A portion of this material was recrystallized
(three times) from MeOH~H,0 to give the analytical sample, mp
266-267°. Anal. (C,,H, ,N,0,8) C, H, N.

(C) Acetate Salt. L-Tyrosine Phenylpentylamide Acetate (31).
The crude HBr salt (500 mg) was passed through a column (1.1 X
20 cm) of Dowex 1-X8 (200-400 mesh), acetate form. After
lyophilization, the acetate salt (420 mg) was eluted from a column
(1.5 X 25 cm) of Amberlite IRC-50 (50-100 mesh), H* form, with
a linear gradient from 0 to 10% v/v HOAc-H,0 (400 m! total vol-
ume). Lypohilization of fractions containing product gave 110 mg
(23%) of the analytical sample, mp 86-87". Anal. (C,,H,N,0,)
C,H,N.

(D) HCl Salt. L-Tyrosine Propylamide Hydrochloride (22). Th
The crude HBr salt (390 mg) was converted to the free base (method
A) and treated with 0.1 N HC1 (5 ml). Lyophilization of this solutior
gave 75 mg (21.1%) of the analytical sample (hygroscopic solid), mp
70-75°. Anal. (C,,H,,CIN,0,)C, H, N.

6-Amino-9-(3-hydroxypropyl)purine (76). A suspension of ade-
nine (2.0 g, 14.3 mmol) and NaH (50% dispersion in mineral oil)
(0.70 g, 14.5 mmol) in dry DMF (25 ml) was magnetically stirred
(protected from moisture) for 4 hr at ambient temperature. A solu-
tion of 1-bromo-3-hydroxypropane (2.07 g, 14.9 mmol) in dry DMF
(20 ml) was added dropwise to the suspension. After the mixture
clarified (ca. 20 hr) the solvent was removed at reduced pressure and
the residue recrystallized from EtOH to give 1.72 g (62%) of white
crystals, mp 209-210° (lit.?” mp 204-206°).

6-Amino-9-(4-hydroxybutyl)purine (77). A solution of 4-chlorc
butyl acetate (5.42 g, 36 mmol) in dry DMF (50 ml) containing
KI (100 mg, 0.6 mmol) was added to an equivalent amount of Na
adenide (prepared as described for 76). The mixture was stirred
at 50° and protected from moisture until the solution clarified (ca.
26 hr). After cooling, the mixture was evaporated to dryness, and
the crystalline residue was extracted with Me,CO and filtered. Re-
moval of the solvent at reduced pressure gave 2.76 g (30.8%) of
crude 6-amino-9-(4™-acetoxybutyl)purine, mp 164-164.5° (1it.?®
mp 161°), which was dissolved in MeOH saturated with NH; at 0°
(100 ml). After 72 hr, the solvent was evaporated and the residue
recrystallized (twice) from EtOH to give 2.42 g (26.9%) of white
crystals, mp 197-198.5° (1it.*” mp 196-197°).

N-Carbobenzoxy-L-tyrosinol. Isobutyl chloroformate (1.37 g,
10 mmol) in dry THF (5 ml) was added to a magnetically stirred,
ice-cold solution of N-carbobenzoxy-L-tyrosine (3.15 g, 10 mmol)
and Et,N (1.02 g, 10 mmol) in THF (25 ml). After § min the re-
action mixture was filtered through Celite into a stirred suspension
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of NaBH, (757 mg, 20.0 mmol) in THF (25 ml). After stirring at 0°
for 1 hr, cold HC1(2.5M, 30 ml) was slowly added to the mixture,
and the solvent was removed in vacuo at ambient temperature, The
residue (5.3 g) was dissolved in CHCl, (50 ml), extracted with H,0
(2 X 20 ml), and dried (MgSO ). After concentrating to 10 ml, C,
(50 ml) was added while heating the mixture. The product crystal-
lized on standing as hard nodes to give 2.58 g (86%) of material suit-
able for further transformation, mp 91-92°. A portion (200 mg) was
purified on a silica gel column (1.5 X 25 cm) which was eluted with
CHCI,-THF (4/1 v/v). A total of 68 fractions (6 ml, 1 ml/min) were
taken, and material in fractions 18-30 was collected and crystallized
from CHC1,-C H, to give 180 mg (90%) of the analytical sample:
mp 92-93°; [a]”D -31.25° (¢ 3.4,MeOH). Andl. (C,,H,,NO,) C, H,

N-Ca:bobenzoxy-D tyrosinol. This compound was prepared on
a 1.5-mmol scale using the procedure for the L isomer: yield 353 mg
(78%) from CHC1,-C H,; mp 91-92°; [2]?*D +30.06° (¢ 3.5, MeOH).

Chemistry

The synthetic route initially attempted for synthesis of the
the L-tyrosine amides 20-32 involved mixed anhydride con-
densation® of the readily available N,0-dicarbobenzoxy-L-
tyrosine.® Although this reaction proceeded well; removal
of blocking groups by reported methods led to an intract-
able mixture of products. Utilization of the N-carbobenzoxy-
L-tyrosine amides resulted in a significant reduction of by-
products upon blocking group removal with HBr~HOAc, re-
fluxing TFA, or H,/Pt, but impurities were present in
amounts which encumbered purification. As reported for
TFA removal of Cbz groups,® addition of phenol to HBr-
HOAC resulted in a great reduction of side products and
permitted isolation of the tyrosine amides in reasonable
yields (Table I).

The 9-(w-hydroxyalkyl)adenines 76-79 were prepared in
good yield by direct alkylation of sodium adenide in DMF
with the w-halohydrins or, where base-catalyzed cyclization
was likely with the halohydrins, their O-acetates. The posi-

0
Table L Physical Constants of L-HO -@CH,CHC\/
|
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tion of alkylation was verified spectrophotometrically.3%33

The modifications employed in the preparation of cis-9-
(3-hydroxymethylcyclopentyl)adenine (74)? resulted in
significantly higher yields and are noteworthy. 3-Oxocy-
clopentanecarboxylic acid, a key intermediate, was pregared
in excellent yield by the method of Shemyakin, et 4l.,
rather than the referenced procedure of Arendaruk, et
al.,* which proceeded poorly in our hands. Although con-
version of this compound to the corresponding oxime was
reported to proceed in only 20% yield, a quantitative
yield was readily obtained using the general procedure of
Schneider and Dillman.?” The cyclization of cis-3-(5-amino-
6-chloro-4-pyrimidinylamino)cyclopentylcarbinol to cis-3-
(6-chloro-9-purinyl)cyclopentylcarbinol at ambient temper-
ature afforded a 50% higher yield than the reported
method. %

Enzyme Results

Inhibitory properties of a number of carboxyl-substi-
tuted derivatives of tyrosine in the TRS-catalyzed ATP-
PP;j exchange reaction are given in Table II. Substitution
of carboxylate by such disparate groups as hydrogen (2),
hydroxymethyl (3), carboxamido (7), hydroxamate (8),
methy! (9), or phosphonate (10) results in inhibitors
which are competitive with respect to tyrosine and bind
1.5- to 10-fold less effectively than tyrosine. Although the
L-methyl ester 5 exhibits a 25-fold loss in binding, this
result, as well as the inhibition data for esters listed else-
where, should be regarded as upper limit approximations
to the true Kj since they undergo hydrolysis (ca. 3%) dur-
ing assay, and the tyrosine liberated leads to high blanks.
The stereospecificity of TRS is not exact with respect to
binding properties and the D isomers listed exhibit K;

NHR NHR'
No. R R’ Salt Yield, % Mp, °C Formula
20 H -CH, HB@ 42 234-236 C,.H,:BIN,0,
21 H ~CH,CH, HBr 77 164-166 C,H,,BIN,0,
22 H -CH,CH,CH, HCIb 21 70-75 C,.H,,CIN,0,
23 H -CH,(CH,),CH, ¢ 56 144-145 C.H,N,0,
24 H -CH,(CH,),CH, 59 144-146 . H,N,0,
25 H -CH,C H, 46 175-176 C,H,sN,0,
26 H -CH,(4-NO,C,H,) HBr 62 175-178 C,H,,BIN,0,
27 H -CH,(4-CH,C,H,) HBr 68 180-181 C,.H,,BIN,0,
28 H -CH,CH,CH, 70 68-69 C,H,oN,0,
29 H ~CH,CH,CH,C,H, 36 48-50 C,sH,,N,0,
30 H ~CH,(CH,),CH,C H, 2HOAA 74 98-100 C,:H,,N,0,
31 H ~CH,(CH,),CH,C,H, HOAcd 23 86-87 C,H,N,0,
32 H -C.H, TsOH 76 265-267 C,.H,N,0,S
83 Cbz —CH, 79 105-106 C,BH,ON,O.
84 Cbz ~CH.CH, 75 115-116 C,H,,N;0
85 Cbz -CH,CH,CH, 84 168-169 CLHLN,O.
86 Cbz ~CH,(CH,),CH, 79 106-108 C,,H, N0,
87 Cbz -CH,(CH,),CH, 88 96-97 C,.H,eN,0,
88 Cbz -CH,CH, 87 153-154 C,.H,\N,0,
89 Cbz -CH,(4-NO,CH,) 22 181-182 C,.H,:N,0,
90 Cbz -CH,(4-CH,CH,) 81 149-150 C,eH,N,0,
91 Cbz ~CH,CH,CH, 75 150-151 26H24N,0,
92 Cbz -CH,CH,CH,C,H, 63 113-114 2eH2sN,0,
93 Cbz —CH,(CH,),CH,C H, 69 135-136 C,H,oN,0,
94 Cbz -CH,(CH,),CH,CH, 51 106-107 C,eH3,N,0,-0.5H,0
95 Cbz —C,H, 51 188-189 2sH,N0,

2All HBr salts recrystallized from MeOH-n-PrOH. PLyophilized solid. ¢All free bases recrystallized from CHCI,-CH,. 9Lyophilized

solid.
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Table I1. Inhibitory Power of Cartboxyl-Substituted
Derivatives of Tyrosine

Santi, Pefla

Table IV. Inhibition? of ATP-PP; Exchange by HO @-CH,R

4Limiting K, value;*? K, value in standard assay is 9.0 X 107
M (it ® Ky, 6.1 X 107 M). PLit.* K, 6.0 X 107 M. °Lit.* K;,
4.1x 1075 M 9Lit.® K, 1.7 X 1075 M. €Lit.* K;, 8.1 X 107 M.
TLit 42 K, 2.9 x 1078 M.

Table HI. Inhibition? of ATP-PP; Exchange by

O

HO @CH,?HC{

NH, R
No. R K, mM
13 ~OCH,CH, 0.10?
14 -O(CH,)),CH, 0.09
15 -O(CH,) CH, 0.04
16 -OCH(CH,)CH,CH, 0.09
17 -OC(CH,), 0.2
18 -OCH(CH,)(CH,),CH, 0.1
19 -OCH,C H, 0.03
20 ~NHCH, 0.22
21 -NHCH,CH, 0.17
22 ~-NH(CH,),CH, 0.23
23 -NH(CH,),CH, 0.43
24 ~-NH(CH,),CH, 1.4
25 -NHCH,C H, 0.063
26 -NHCH,(4-NO,C H,) 0.065
27 -NHCH,(4-CH,C H,) 0.078
28 -NH(CH,),C H, 0.038
29 -NH(CH,) CH, 0.18
30 ~-NH(CH,),CH, 0.36
31 -NH(CH,),C H, 0.34
32 -NHC H, 0.20
33 -NH(s-C, H.) 0.096
34 Glycine 0.012
35 Alanine 0.005
36 Leucine 0.015
37 Valine 0.004
38 Isoleucine 0.008
39 Tyrosine 0.008
40 Glutamic acid 0.11
41 Glycylglycine 0.21

2All enantiomeric compounds listed are of the L configuration and
exhibit competitive inhibition with tyrosine as the variable substrate.
bLit.* K;,2.0 X 1075 M.

values only 4- to 13-fold larger than those of their re-
spective L enantiomers.

Table III gives the inhibition properties of a series of
esters and amides of L-tyrosine. Although the butyl (15)
and benzyl (19) esters bind somewhat more effectively
than the others, all of the esters bind at least tenfold
poorer than the substrate. Although L-tyrosine amide (7)
and hydroxamate (8) bind quite well, N-alkylamides show
a reduced inhibitory effect which is similar for the methyl
through n-propyl analogs. Further extension of the alkyl
chain results in decreased affinity such that the n-pentyl-
amide (24) binds 45-fold poorer than the parent tyrosine

No. Compound K, mM No. R Inhibition type Kij, mM
1 L-Tyrosine 0.0036 (X ;)¢ 42 -CH,COOH Noncompetitive 5.5
2 Tyramine 0.0056% 43 -CH(OH)COOH Noncompetitive 8.1
3 L-Tyrosinol 0.016¢ 44 ~-COCOOH Noncompetitive 9.9
4  D-Tyrosinol 0.0679 45 ~CH(NHCH,)CH, Competitive 7.3
5 L-Tyrosine methyl ester 0.09¢ 46 -CH[NHCH(CH,),|CH, Competitive 0.33
6  D-Tyrosine methyl ester 0.59 47 ~CH(NHCH,C H,)CH, Competitive 2.1
7 L-Tyrosinamide 0.317 48 -NY(CH,),I” Competitive 095
8  L-Tyrosine hydroxamate 0.019 49 ~NH, Competitive 0.13
9  DL-p-Hydroxyamphetamine 0.010 50 -CH,CH,NH, Competitive 0.83

i? IEIi:I-Axpmo-p “hydroxypherlylphosphate 0.017 4Compounds are DL mixtures and, unless otherwise specified, ex-

-Tyrosinol adenylate 0.000023 oy Ve : .

12 D-Tyrosinol adenylate 0.00032 hibit competitive inhibition with respect to L-tyrosine.

Table V. Inhibition? of ATP-PP; Exchange by @Q>—CH2$HR1
NH,

R

No. R R; Enantiomer(s) K;, mM
51 H -COOH L b

52 H -CH,0OH L b

53 4-OCH, -CH, DL ¢

54 4-OH, 3-OCH, ~CH, DL ¢

55 4-OH, 3-OH -H DL 2.5
56 4-OH, 2,3,56-F -COOH DL 10d

aInhibition is competitive with respect to tyrosine. ¥No inhi-
bition observed at 11 mM. ¢No inhibition observed at 5.0 mM.
dAssayed at pH 5.3; K (L-tyrosine) = 0.34 mM.

amide (7). The affinity of the benzyl (25) and phenyl-
ethyl (28) amides is greater than any of the n-alkylamides
and approaches that of the unsubstituted amide (7). Sub-
stitution on the phenyl ring of 25 by either p-nitro (26)
or p-methyl (27) groups has no effect on binding. The
anilide (32) and B-methylamide (33) bind 56- and 27-fold
poorer than substrate, respectively, and inhibit within the
general range of potency observed for the phenylalkyla-
mides.

With the exception of L-Tyr-Gly-Gly (41) and L-Tyr-L-
Glu (40), the peptides of L-tyrosine examined bind much
better than alkyl- or phenylalkylamides and approach or
exceed the binding ability of L-tyrosine.

Inhibitory properties of a number of tyrosine analogs
having a modified a-amino group are compared in Table
IV; none of those listed supported ATP-PP; exchange at
10 mM concentration in the standard assay. Substitution
of the a-amino group by hydrogen (42), hydroxyl (43),
or oxo (44) led to large losses in binding and, moreover,
noncompetitive inhibition with respect to tyrosine. In
contrast to the high affinity of peptides having tyrosine as
the N-terminal amino acid, blocking the a-amino group by
an amide linkage prevents binding.?® Whereas tyramine (2)
is a very good inhibitor, decreasing (49) or increasing (50)
the chain length separating the amino and phenolic residues
by one methylene group results in 23- and 148-fold losses,
respectively, in binding. 4-Hydroxyamphetamine (9) binds
about as well as tyrosine and provides a convenient analog
to study the effect of N-alkylation on binding. Although
the N-methyl derivative 45 binds 730-fold poorer than the
unsubstituted compound 9, some binding is regained upon
substitution with more hydrophobic groups as in the N-
benzyl (47) and N-isopropyl (46) analogs. The latter com-
pound binds only 33-fold poorer than the parent 4-hydroxy-
amphetamine (9). Despite quaternization of the amine
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Table VI. Binding of 6-Aminopurine Nucleotides and
Nucleotide Analogs to TRS

No. Compound Inhibition type K;, mM
57 ATP Substrate 0.508
58 dATP Competitive 3.0
59  op-CHATP Competitive 12.2
60 ADP Noncompetitive 6.4
61 AMP Noncompetitive 6.3

62 3,5'-Cyclic AMP Noncompetitive 33
63  Adenosine 5’-methylphosphonate Noncompetitive 15
64  Adenosine 5'-ethylphosphonate  Noncompetitive 10
65  Adenosine 5'-propylphosphonate Noncompetitive 11
66  Adenosine 5'-phenylphosphonate Noncompetitive 20
67 Adenosine 5'-benzylphosphonate Noncompetitive 8
68  Adenosine 5'-phenylethyl- Noncompetitive 8

phosphonate

69  Adenosine 5'-phenylpropyl- Noncompetitive 3
phosphonate

70  Adenosine 5'-phenylbutyl- Noncompetitive 3
phosphonate

aLit.® K, 2.5 X 107* M.

Table VIL Noncompetitive Inhibition of ATP-PP; Exchange by
Adenosine and 9-Substituted Adenines

No. Compound K, mM
71 Adenosine 18
72 3'-Deoxyadenosine (cordycepin) 17
73 cis-4-(6-Amino-9H-purin-9-yl)-trans- 2-trans- 16

3-dihydroxycyclopentanemethanol

74 c¢is-9-(3-Hydroxymethylcyclopentyl)adenine 16
75 cis-9-(4-Hydroxymethylcyclohexyl)adenine 22
76 9-(3-Hydroxypropyl)adenine 68
77 9-(4-Hydroxybutyl)adenine 32
78 9-(5-Hydroxypentyl)adenine 47
79 9-(6-Hydroxyphexyl)adenine 21
80 Adenine a

81 9-Isobutyladenine 40
82 9-Phenylbutyladenine 47

4No inhibition observed at 10 mM.

and the additional methyl groups, candicine iodide (48)
binds eightfold better than the N-methyl analog 45.

Table V contains inhibition data for a number of ty-
rosine analogs having a modified phenyl ring. Neither L-
phenylalanine (51) nor L-phenylalanol (52) show inhibi-
tion at 11.0 mM in the assay and have Kj values esti-
mated to be over 100 mM. Masking of the hydroxyl
group of 4-hydroxyamphetamine (9) with a methyl
ether (53) or placing a methoxy group (54) adjacent to
it results in inactive compounds. Addition of a 3-hydroxyl
group to tyramine (2) to give dopamine (55) results in a
2200-fold loss in binding relative to the unsubstituted
compound. It is interesting to note that DOPA possesses
substrate activity, albeit with a Ky, value of 1.4 mM.>®
2,3,5,6-Tetrafluorotyrosine (56) does not possess sub-
strate or inhibitory properties at a concentration of 3.0
mM in the standard assay or at pH 6.0 (K, for tyrosine
at pH 6.0 is 7.6 X 1073 M). However, at pH 5.3 where the
phenolic group is ca. 61% ionized (pK, = 5.1 for phenolic
hydroxyl of 56)*° the compound (4.1 mM) shows com-
petitive inhibition with respect to tyrosine with a Kj value
of 1 X 107> M (K, for L-tyrosine at pH 5.3 is 3.4 X
107 M).

Tables VI and VII give the inhibitory properties of a
number of analogs of ATP. With the exception of dATP
(58) and «,3-CH,ATP (59), competitive inhibitors relative
to ATP, all the compounds in Table VI exhibit noncom-
petitive inhibition and possess K| values greater than the
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K for ATP. The adenosine 5'-alkylphosphonates 63-65
have similar K; values and appear to inhibit the enzyme
slightly better than the phenylphosphonate (66) but
poorer than the remaining phenylalkylphosphonates 67-
70. The latter compounds become slightly better inhibitors
as the chain length is increased. Adenine (80) does not
inhibit ATP-PP; exchange at its upper limit of solubility
(3 mM) in the assay mixture, Adenosine (71) and related
cyclic and acyclic analogs (Table VI) bind poorly and are
noncompetitive inhibitors with respect to ATP.

Discussion

Optimal interactions within an enzyme-substrate com-
plex require that regions of the enzyme complement
the binding points of the substrate in topography, polarity,
charge, and solvation. Often, the construction of the active
site may not be optimal for binding of the substrate but in-
cludes structural features which have evolved in such a way
to provide maximal specificity and catalytic efficiency.
Analysis of the binding properties of structural analogs of a
substrate provides an approach to probing these features in
a manner which is not amenable to other physical measure-
ments. In addition, a study of structural analogs often un-
covers information about regions surrounding the active
site which may be useful in the design of potent and specific
enzyme inhibitors and in comparative studies which seek to
uncover subtle differences among related enzymes. A com-
plete discussion of problems inherent in this approach with
specific reference to the aa-tRNA synthetases may be found
in earlier reports.>*

One of the general properties of substrate interactions
with the synthetases which is being uncovered is that the
carboxylate group of the substrate amino acid is not an es-
sential binding point. Numerous analogs in which the carbox-
ylate group has been omitted or modified have been shown
to be potent inhibitors of these enzymes.*****™* It does
appear that various synthetases, even substrate identical en-
zymes from different sources,** may respond differently
toward such analogs. From these studies, it appears that the
carboxylate binding regions of these enzymes may differ in
environment and function. From observations that hydro-
phobic substituents bind to PRS from E. coli much more
effectively than the carboxylate of phenylalanine,? it has
been suggested that the enzyme active site serves to partially
desolvate the carboxylate of the substrate upon binding. In
this manner, catalytic efficiency could be enhanced at the
expense of binding energy. In the work described here, it
is shown that omission of the carboxylate of tyrosine pro-
vides an inhibitor which binds as effectively as the substrate.
In further contrast to the hydrophobic nature of the car-
boxylate binding region of the phenylalanine activating
enzyme, substitution of the carboxylate of L-tyrosine by
groups of widely disparate polarity has little effect on bind-
ing. Thus, in addition to the fact that the carboxylate of
tyrosine is not necessary for binding, it probably occupies
a noncontact area of the enzyme which, in probable con-
trast to PRS, causes no perturbation of solvation upon com-
plexation.

The series of esters and amides given in Table III was
evaluated to probe regions of the enzyme adjacent to the
site occupied by the carboxylate group of tyrosine. A de-
trimental effect on binding, amounting to about 1 kcal/mol,
is obtained with the first methylene group extending from
the noncontact area, as observed with the methylamide
(20) and methyl ester (5) of tyrosine. Further extension of
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an alkyl chain up to five carbon atoms has little additional
effect upon binding. The recovery of ca. 1 keal/mol in bind-
ing energy which is observed with the benzylamide (25) or
ester (19), and the phenylethylamide (28) of tyrosine is
probably the result of a specific interaction between the
pheny! moieties and a restricted hydrophobic region of the
enzyme, since the effect is not observed with phenylalkyla-
mides of longer chain length. Interestingly, with the excep-
tion of L-Tyr-Gly-Gly (41) and L-Tyr-L-Glu (40), the af-
finity of dipeptides having tyrosine as the N-terminal amino
acid is much greater than the alkyl- or phenylalkylamides
and may approach or exceed that of the substrate. Since the
nature of the aliphatic chain on tyrosine amides does not
appear to be a major determinant for binding, the a-carbox-
ylate of the carboxyl terminal amino acid must be respon-
sible for the nominal 2 kcal/mol increase in binding energy
which is observed with these dipeptides. It is tempting to
speculate that the carboxylate moiety of these inhibitors
interacts with a region of the enzyme which normally binds
to one of the phosphate groups of ATP.

Comparison of binding properties of amides of L-tyrosine
and L-phenylalanine to their cognate synthetases indicates
that the regions extending from the carboxylate sites of
these two enzymes are also considerably different. With the
phenylalanine activating enzyme, attachment of an sp>hy-
bridized carbon to the amide nitrogen of L-phenylalanine
amide results in a much greater loss in binding,? indicating
that this region is more sterically restricted than the analo-
gous region of TRS. In further contrast, the affinities of V-
alkyl- and N-phenylalkylamides for PRS systematically in-
crease with increasing chain length, and phenylalanine pep-
tides are only poorly bound to PRS.

The protonated a-amino group of amino acids appears to
be a major binding locus which is essential for substrate ac-
tivity for a number of aa-tRNA synthetases.>”® Calendar and
Berg have reported that gross modification of the a-amino
group of tyrosine, i.e., replacement by hydrogen, hydroxyl,
oxo, or acylamido, results in compounds which are inactive
both as substrates and inhibitors for TRS of E. coli and Ba-
cillus subtilis, It is shown here that high concentrations of
these compounds result in weak, noncompetitive inhibition,
suggesting that they do not interact with the substrate bind-
ing site. Inhibition by candicine iodide (48) provides strong
experimental support that tyrosine analogs are bound as
their protonated forms and suggests the occurrence of an
ionic interaction with a negatively charged site on the en-
zyme. Substitution of N-alkyl groups on p-hydroxyamphe-
tamine (9) results in a general loss of binding, although
much of the decrease appears to be recoverable by increas-
ing the nonpolar nature of the substituent. It is noted that
the additional binding power of the N-isopropyl analog 46
over the N-methyl analog 45 corresponds to ca. 1 kcal/mol/
methyl, approximately what is expected from optimal hy-
drophobic interactions.*’

As with other aa-tRNA synthetases,>5% the optimal
separation between the side chain and amino binding points
of tyrosine analogs is that which is found in the natural sub-
strate. Lengthening or shortening the distance separating
these binding points in tyramine by one methylene group
results in 148- and 23-fold decreases in binding, respectively.
Parallel results have been obtained with the valine activat-
ing enzyme® but the higher and lower homologs of 2-phen-
ethylamine bind identically to PRS.3

In agreement with the conclusions of Calendar and Berg,
the phenol group, as found in the natural substrate, is nec-
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essary for substrate activity. Of the phenyl-substituted ana-
logs examined (Table V), only dopamine (55) demonstrated
significant inhibition at pH 7, binding about as well as the
false-substrate DOPA. Since the fidelity of protein synthesis
requires exact recognition of each of the amino acids by its
cognate synthetase, it is not surprising that the E. coli TRS
is not inhibited by high concentrations of phenylalanine or
phenylalanol. From the data given, it may be calculated that
binding of these analogs is at least 10* times poorer than
their tyrosine counterparts. The nominal 6 kcai/mol in bind-
ing energy which must be attributed to the phenolic hydro-
xyl group of tyrosine is well suited for purposes of biological
specificity but difficult to explain in terms of current con-
cepts of intermolecular interactions in water.*” Utilizing
upper estimates for the magnitude of hydrogen bonding,
hydrophobic forces, and polarizability, we estimate that the
phenolic hydroxyl group should not contribute more than
2.15 kcal/mol in binding energy to TRS. It must be con-
cluded that factors other than specific interactions of the
phenolic hydroxyl of tyrosine contribute to specificity and
play an important role in discriminating between phenylala-
nine and tyrosine.

Tetrafluorotyrosine (56) is neither substrate nor inhibitor
at pH values where the phenol is ionized. However, at pH
values where a significant amount of the neutral phenol is
present, the fluorinated analog is a competitive inhibitor
with respect to tyrosine. These results indicate that the phen:
olic hydroxyl of tyrosine only binds to TRS as the neutral
form and does not act as a hydrogen bond acceptor; if the
latter were true, the anionic form of 56 might be expected
to bind more tightly than the neutral species.

The aa-tRNA synthetases generally demonstrate stringent
stereochemical specificities for their natural L-amino acid
substrates which usually extends to the binding power of
analogs.>™® It is shown here that analogs of D-tyrosine in
which the carboxylate has been replaced by other substi-
tuents bind only slightly poorer than the corresponding L
enantiomers. This is not initially surprising in view of the
proposal that the carboxylate group of tyrosine is in a non-
contact area when bound to TRS; in the D enantiomers of
the analogs examined, the « substituent could project into
the region which is normally occupied by the o hydrogen of
the natural substrate. However, this possibility does not
seem tenable with the observation that TRS catalyzes both
the activation and transfer to tRNATYT of D-tyrosine ;3
it would appear reasonable that the carboxylate of both
enantiomers would have to occupy the same catalytic site
when bound to the enzyme in order to show substrate ac-
tivity. The question then arises as to how the D and L enan-
tiomers could have the amino and phenolic groups rigidly
bound and still project the carboxylate group into a com-
mon catalytic region. In an attempt to resolve this problem,
we sought to introduce an additional binding point which
would establish a three-point contact and impose rigid re-
straints on the conformational mobility when bound to the
enzyme. Esterification of L-tyrosinol with AMP results in a
700-fold increase in binding and indicates strong binding
loci at the phenol, @-amino, and AMP moieties; the close
structural resemblance of this analog to the tyrosyladeny-
late intermediate leaves little doubt that it binds in a fashion
analogous to the substrates. The binding energy of D-tyro-
sinol adenylate is only ca. 1.5 kcal/mol less than the Liso-
mer and roughly parallels the differences observed among
the D- and L-tyrosinols (0.9 kcal/mot), tyrosines (1.9 kcal/
mol), and tyrosine methyl esters (1.0 kcal/mol). It should
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Figure 1. Inhibition of ATP-PP; exchange by adenosine, varying
ATP concentration in the absence of inhibitor (®), and at 6.0 (O),
9.0 (»), and 12.0 mM (A) of adenosine.
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Figure 2. (A,B) Plots of reciprocal velocity of ATP-PP; exchange
vs. concentration of adenosine monomer and dimer at 1.25 (O),
0.42 (), 0.25 (0), 0.18 (4), and 0.14 mM (A) of ATP. (C,D)
Slope-intercept replots of data given in A and B.

be noted that the three-point contact must still occur with
D-tyrosinol adenylate since the analog binds significantly
better (50-fold) than the potent inhibitor, L-tyrosinol (3).
Molecular models of the enantiomeric tyrosinol adenylates
illustrate that if the three-contact points (viz. amino, phenol,
and adenylate) are rigidly bound to the enzyme as the
strong binding indicates, the a-CH, groups could occupy
the same region if a small degree of rotation were permitted
about the C,-Cs bond of the tyrosinol moiety; a similar ef-
fect could be accomplished by an analogous conformational
change of the enzyme. On the basis of the above argument,
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it may be proposed that the carboxylate of D-tyrosine may
occupy the same site as the carboxylate of L-tyrosine and
thus behave as a substrate, but only at the expense of bind-
ing energy necessary to (a) rotate the Co~g bond in a manner
conducive to amino and phenol binding, or (b) cause a con-
formational change of the enzyme in order to juxtapose
catalytic groups in their proper positions.

With the exception of dATP (58) and o,3-CH,-ATP (59),
none of the ATP analogs examined were competitive in-
hibitors with respect to ATP. The ATP binding site of TRS
appears to require the intact triphosphate moiety, probably
as its magnesium complex. Similar properties have been ob-
served with the valine and isoleucine activating enzymes, §
but with PRS, the phosphate groups of ATP are detrimental
to binding and nucleoside analogs are potent inhibitors.® It
is interesting to note that those enzymes which have been
shown to require the triphosphate groups of ATP for bind-
ing are inhibited by PP;*»*? In contrast, ATP binding to
PRS is not inhibited by PP;.*! This feature may be of diag-
nostic utility in classifying the aa-tRNA synthetase ATP
binding sites. All other nucleotide analogs examined show
weak noncompetitive inhibition of TRS. Although binding
of the adenosine 5'-phosphonates does increase with longer
chain lengths, little can be discerned concerning the nature
of complexation of these compounds.

In order to obtain more information about the interactions
of ATP analogs not possessing the triphosphate moiety, the
kinetics of inhibition by adenosine (Figure 1) were examined
in more detail. A plot of reciprocal velocity vs. adenosine
concentration (Figure 2A) as well as slope and intercept re-
plots of the primary data (Figure 2C) gave curved lines and
suggests the possibility that more than one molecule of ade-
nosine combines with the enzyme.>3 It has been established
that adenosine forms stacks in aqueous solution at the con-
centrations employed in these studies.5*>® Indeed, when
similar replots were constructed using the calculated amount
of adenosine dimer present in solution, a family of straight
lines was obtained (Figure 2B,D). From these data, it is
tempting to suggest that these analogs bind as dimers at a
locus remote from the ATP binding site, perhaps in a region
normally occupied by tRNATY, This possibility is currently
under investigation.
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Pepsitensin is a vasopressor peptide obtained by peptic
proteolysis of the as-globulin fraction of blood plasma.® Its
biological activities are qualitatively identical with those of
angiotensin I1* but the two peptides were shown to be dif-
ferent.® Franze, et al.,* isolated from plasma, after incuba-
tion with pepsin at pH 6, a pressor substance that was iden-
tified as the decapeptide angiotensin I. More recently, a
pepsitensin was isolated from bovine plasma after hydrolysis
with pepsin at pH 3, for which the following sequence was
proposed: Asp-Arg-Val:-Tyr-Val-His'Pro-Phe-His-Leu-Leu
(1).° These results might indicate that peptic proteolysis of
the plasma protein substrate would differ according to
whether pH 6 or 3 is employed in the incubation, leading
to the production of either angiotensin I or the undecapep-
tide,® respectively.

[n order to verify this hypothesis, and to study the
pharmacological properties of the proposed pepsitensin,
we have synthesized both 1 and its Ile® analog 2, which
would be the homologous peptide obtained from horse
plasma.

The peptides were tested for their biological activity on
the rat’s blood pressure, the isolated guinea pig ileum, and
the isolated rat uterus using a four-point assay design,®
with the results shown on Table 1. The activities of the two
peptides on the rat’s blood pressure and the guinea pig
ileum were surprisingly low compared to angiotensin 1,”
from which they differ only by an additional leucine residue
at the C terminus. The observed activities appear to be in-
trinsic to 1 and 2, and not due to their conversion to
angiotensin II, because of the great differences in “con-
verting enzyme” activity in the rat’s blood plasma, uterus,
and the guinea pig ileum.®

The conversion of both 1 and 2 to the respective angio-
tensin II octapeptides was easily obtained by the action of
carboxypeptidase. An illustration of this conversion is
presented in Figure 1 which shows that the incubation of
1 with porcine carboxypeptidase A resulted in a very large

Table L Biological Activity? of Proposed Pepsintensins

Assay Compd 10 Compd 20
Rat’s blood pressure 1.28 (0.08) 1.42 (0.09)
Rat uterus 0.82 (0.10) 1.40 (0.06)
Guinea pig ileum 0.88 (0.09) 1.68 (0.06)

9Relative to Iles-angiotensin I = 100, on a molar basis. ?Each
value was obtained from a four-point assay made with at least eight
groups of four doses. Standard deviations are shown inside paren-
theses.



