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We report an application of the unnatural amino acid
mutagenesis developed by Schiliz probe the importance of
the aromaticity of tyrosine-95 and the ring size of proline-17
in the function of adenylate kinase (AK, from chicken muscle,
overexpressed iEscherichia col).2

AK catalyzes the reaction MgATR- AMP = MgADP +
ADP. On the basis of structural analyses by X3ragd NMR?#
Tyr-95 is located in proximity to the adenosine moiety of AMP
(within the range for aminearomatic interaction, a weakly polar
interactio) and is also likely to be involved in aromatic
aromatic interactior?d with Phe-12 and Phe-105 (distances
between centroids are 6.1 and 5.9 A, respectifely A
stereoview of the structure & coli AK complexed with AMP
and AMPPNP (adenosiné-B3,y-imido]triphosphate) is shown
in Figure 132 The aromaticity of residue 95 is absolutely
conserved; while it is Tyr in muscle AK, it is Phe in yeast and
E. coli AK. Replacement of the Tyr-95 of muscle AK with
Phe led to no detectable chan§gsyhile replacement with
nonaromatic residues in both muscle &doli AK led to large
decreases in activi§f.¢ Since natural nonaromatic amino acids

are very different from Tyr or Phe in the side chain structure,
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Figure 1. Stereoview of the structure &. coli AK complexed with
AMP and AMPPNP? Pro-9 and Phe-86 corresopnd to Pro-17 and
Tyr-95, respectively, in muscle AK.
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Figure 2. Structures of amino acids substituted for Tyr-95 and Pro-
17. Tyr (tyrosine); DiHPhe (2,5-dihydrophenylalanine); Pro (proline);
Dhp (3,4-dehydroproline); Pip (pipecolic acid); HPip (homopipecolic
acid); Aze (azetidine 2-carboxylic acid); MeGlX{methyl glycine).

Substitutions of Pro-17 with natural amino acids caused

we used 2,5-dihydrophenylalanine (DiHPhe, Figure 2) to probe Perturbations in substrate binding parametetsowever, natural

the importance of aromaticity in Tyr-95. DiHPhe can provide
s-electrons without aromaticity, and its ring is close to plahar.

amino acids cannot probe the importance of ring size, which is
the key feature of proline. We used four proline analogs with

Proline-17 (Figure 1) is absolutely conserved in the phosphate different ring sizes (Figure 2), pipecolic acid (Pip), homopipe-

binding loop (P-loop, GXPGXGKGT) in the AK famil§.

colic acid (HPip), 3,4-dehydroproline (Dhp), and azetidine
2-carboxylic acid (Aze), to probe the importance of the ring
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The unnatural amino acids were purchased or synthesized
according to known procedurés. The suppressor tRNA
aminoacylated with unnatural amino acids was prepared
according to the procedures of SchuitZo facilitate the puri-
fication of thein vitro synthesized AK, a six-histidine t&gwas
attached to the C-terminus of AK by modifying the gene of
AK. The AK with the six-His tag (AKH) was first expressed
in E. coli, purified, and shown to behave essentially the same
as wild type (WT) AK. The AKH gene was then cloned into
a high-copy-number expression vector PUK constructed in our
lab12 In witro protein syntheses were carried out with the
coupled transcription/translation system Ef coli developed
by Zubay-32with some modifications by Collin$P Prattl3cand
Schultz! In vitro expression of the wild type AKH gene under
the control of atac promoter in the PUK vector afforded ca. 5
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Figure 3. Autoradiograms ofn vitro pipecolic acid suppression in
the presence of}S]-L-methionine. Lane 1: expression of WT AKH;
Lanes 2-5: suppressions with pipcolyl suppressor tRNA, with Vg

= 6.0, 8.0, 10.0, and 12.0 mM, respectively. The samples were
centrifuged, and the supernatants were analyzed by 0.1%-$5%
PAGE. Bla: g-lactamase.

Table 1. Summary of Suppression Efficiencies and Kinetic Data

suppression  Kmawe  Kmmgatp Keat

protein efficiency (%f  (mM) (mM) (s

WT AKH 100 0.11 0.019 420
Tyr95DiHPhe nd 0.54 nd 520
Pro17Dhp nd 0.30 0.14 410
Prol7Pip 20 0.060 0.037 500
Prol17HPip 12 0.059 0.039 200
Prol7Aze 17 nd nd <4.x

2 The kinetic data should be considered as apparent values since the}

were obtained by holding one substrate constant while varying the other,
instead of varying both substrates. The AMP concentration was held
at 2.0 mM while [ATP] was varied, and [ATP] was held at 2.0 mM
while [AMP] was varied; [M@"] was kept at 4.8 mM. The abbreviation

nd means not determinetThe suppression efficiency was measured
by comparing the radioactivity of the band with that iof vitro
expressed WT AKH¢ The activity of this mutant was too low to detect
and was estimated to bel% of theke.: of WT.

ug of AK/mL, which was then purified by Ni-affinity
chromatography on a His-Bind resin column in a yield of ca.
35%. Incorporation of unnatural amino acids into AKH was
accomplished byn vitro suppression of a TAG amber mutant
using the chemically aminoacylated suppressor tRNAhe
suppression efficiency was optimized by varying (Vi as
shown in Figure 3 for Pro17Pip. The suppression efficiency
of various mutants are shown in Table 1. In addition to the
four ring analogs, substitution of Pro-17 witkmethylglycine
(MeGly) was also attempted, but the suppression efficiency was
too low.

The purified AKH and mutants were subjected to steady-
state kinetic analysé4. The results in Table 1 indicate that
the Tyr95DiHPhe mutant behaves very similarly to WT. The
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Keat is virtually unchanged while th&, amp Shows a small,
5-fold increase. The results suggest that the aromaticity of Tyr-
95 is not critically important for the AKAMP interactions.
While replacements with natural nonaromatic amino acids
caused large decreaseski,®° the more isosteric DiHPhe is a
reasonably good mimic of tyrosine or phenylalanine at position
95. The aromatie aromatic interactions between Tyr-95 and
other aromatic residues (Phe-12 and 105) are not expected to
play important structural roles since Phe-12 and Phe-105 are
not conserved in yeast afid coli AK. Structural perturbation

in the mutant, if any, should not be severe enough to perturb
the function.

Replacements of Pro-17 with Dhp, Pip, and HPip resulted in
little changes in kinetic parameters, except a 7-fold increase in
the Km mgatp Of Prol7Dhp. The only mutant displaying a large
decrease in activity is Prol7Aze, whose activity is beyond the
limit of detection (<1% of WT’s activity). In the absence of
structural analysis, one cannot rule out the possibility that the
functional perturbation of Prol7Aze was caused by global
structural changes. However, a possible interpretation of the
results is that the reduced activity of Prol7Aze is caused by
the restricted conformational freedom of the four-membered ring
of Azel® It could restrict the movement of the P-loop and
impair the conformational changes obligatory for the catalysis
by AK. Molecular modeling and nuclear magnetic resonance
studies should provide additional information.

In summary, we have used unnatural amino acid mutagenesis
o show that the aromaticity of Tyr-95 (or Phe-95) is not
critically important for the function of AK and that the P-loop
of AK can tolerate replacement of Pro-17 with more flexible
analogs, but not the more rigid four-membered ring analog Aze.
To our knowledge, only one of the analogs in Table 1 (pipecolic
acid) has previously been incorporated into other protéins.
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