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Abstract: Analogues ofE. coli dihydrofolate reductase (DHFR) containing modified amino acids at single,
predetermined sites have been prepared. This was accomplished by the use of the DHFR gene containing an engineered
nonsense codon (TAG) at the positions corresponding to Val-10 and Asp-27. Misacylated suppressor tRNAs activated
with the modified amino acids of interest were employed for the suppression of the nonsense codons in a cell free
protein biosynthesizing system, thereby permitting the elaboration of the desired protein analogues. In this fashion,
the aspartic acid analoguesythro-carboxyproline, cysteic acigi,3-dimethylaspartic acidy-methylaspartic acid,

erythro- andthreo-5-methylaspartic acid\-methylaspartic acid, and phosphonoalanine were incorporated into one

or both of the aformentioned positions. Although a number of these analogues were incorporated only in low yield,
a modification of the strategy has suggested how this might be improved significantly. The derived proteins were
purified and then characterized by their mobility on polyacrylamide gels in comparison with wild-type DHFR.
Representative DHFRs modified at position 10 were also degraded by defined proteolysis with Glu-C endoproteinase;
the fragments containing the modified amino acids were shown to have the same chromatographic properties on
reverse phase HPLC as authentic synthetic standards. Individual analogues were assayed for their abilities to bind
to the substrate analogue methotrexate and to convert dihydrofolate to tetrahydrofolate. DHFR analogues containing
erythro- andthreo-s-methylaspartic acid and,3-dimethylaspartic acid were all shown to mediate tetrahydrofolate
production 74-86% as efficiently as wild-type DHFR under conditions of multiple substrate turnover. Analysis of

the rates of tetrahydrofolate production in the presence of NADPH and NADPD at two pH values suggests that this
was due to rate-limiting hydride transfer from NADPH bound to DHFR analogues whose active site had been altered
structurally.

Dihydrofolate reductase ((DHFR) catalyzes the NADPH- mRNA, itis possible to elaborate modified DHFRs by inclusion
dependent reduction of 7,8-dihydrofolic acid to 5,6,7,8-tetrahy- of misacylated suppressor tRN#&ws in the protein biosynthe-
drofolic acid. Because the latter species is further converted to sizing system (Scheme 1). Presently, we describe the synthesis
N®,N%-methylenetetrahydrofolic acid, an essential cofactor for of seven novel DHFRs containing aspartic acid analogues at
15 one-carbon transfers, DHFR is an enzyme of central position 27. The ability of selected DHFR analogues to bind
importance in the metabolism of virtually all organism&he to methotrexate and mediate the reduction of dihydrofolate are
enzyme has long been a target for antitumor and antiinfective described. Three analogues containing bulky aspartic acid
therapy, and numerous inhibitors have been descAbed.

Likewise, extensive_structural and m_echanisti_c analyses of (3) () Bolin, J. T.; Filman, D. J.; Matthews, D. A.; Hamlin, R. C.; Kraut,
DHFR have been carried out, mostly with tBecoli enzyme. J.J. Biol. Chem1982 257, 13650. (b) Kraut, J. IBiological Macromol-
Site-directed mutagenesi§, NMR spectroscopy, and X-.ray ;e(cull(esl;c;%r;g_lilscflergblielsuztr:l)aﬁal;.1 Qanl\(/‘lclghir_s%ri\r,déa”E%s:;S\l(\algtrelsé: uevs\l_
crystallography have contributed importantly to a rather detailed Rgrbérts, e C.K. iigeﬁey, 3. Mol. Biol 1986 188 81. (d) Benkovic, S.
understanding of enzyme structure and funcfioim. particular, ~ j.'Fierke, C. A.; Naylor, A. MSciencel988 239, 1105. () Falzone, C.
these studies have revealed that the active sites of all DHFRsJ.; Benkovic, S. J.; Wright, P. Biochemistry199Q 29, 9667. (f) Bystroff,
contain an amino acid with a carboxylate substituent, Asp-27 C.: Oatley, S. J.; Kraut, Biochemistry199Q 29, 3263. (g) Brown, K. A.;
in the case OF. coll DHFR, that interacts directly with the Kt :Faraday Dissussionses? 93 217 () Brown K A Howel,
dihydrofolic acid substrate and plays a critical role in proton v. M.; Sawaya, M. R.; Brown, K. A.; Kraut, JBiochemistry1995 34,

donation during catalysis. 2710. (j) Lee, H.; Reyes, V. M.; Kraut, Biochemistry1996 35, 7012.
. . . . (4) (a) Villafranca, J. E.; Howell, E. E.; Voet, D. H.; Strobel, M. S.;
We have previously described the synthesig ofoli DHFR Ogden, R. C.; Abelson, J. N.; Kraut, $cience1983 222 782. (b)

in a cell free system that was amenable to overexpression, andappleman, J. R.; Howell, E. E.; Kraut, J.;"Kly M.; Blakley, R. L.J. Biol.
which produced wild-type DHFR shown to be fully competent gri?ﬁ-19£8L2§53891|8(7:-h(0) fg&'}e;neaan,s &J;%g{';(d?%we”'nE'EEE Kg’iUft,hJ-?
- 5 : : - akley, R. L.J. Biol. Chem. . owell, E. E.; Booth,
catalytically> Herein, we demonstrfa'te that. 'by mtroducmg & Farmum, M. Kraut, J.; Warren, M. Siochemistry1999 29, 8561. (e)
nonsense (UAG) codon at a specific position in the DHFR punn, S. M. J.; Lanigan, T. M.; Howell, E. BiochemistryL99Q 29, 8569.
(f) Dion, A.; Linn, C. E.; Bradrick, T. D.; Georghiou, S.; Howell, E. E.

T University of Virginia. Biochemistryl993 32 3479. (g) Howell, E. E.; Villafranca, J. E.; Warren,

* California Institute of Technology. M. S.; Oatley, S. J.; Kraut, Bciencel986 231, 1123. (h) Fierke, C. A,;

® Abstract published iAdvance ACS Abstract#®ugust 15, 1997. Kuchta, R. D.; Johnson, K. A.; Benkovic, S.Qold Spring Harbor Symp.

(1) (a) Johnson, L. F. Ikolates and PterinsBlakley, R. L., Benkovic, Quant. Biol.1987 52, 631. (i) David, C. L.; Howell, E. E.; Farnum, M. F.;
S. J., Eds.; Wiley: New York, 1984; Vol. 1, p 581. Villafranca, J. E.; Oatley, S. J.; Kraut, Biochemistry1992 31, 9813.

(2) Blakley, R. L. InFolates and PterinsBlakley, R. L., Benkovic, S. (5) Resto, E.; lida, A.; Van Cleve, M. D.; Hecht, S. Mucleic Acids
J., Eds.; Wiley: New York, 1984; Vol. 1, p 191. Res.1992 20, 5979.
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Scheme 1. General Strategy Employed for the Synthesis of Proteins Containing Synthetic Amino Acids at Single,
Predetermined Sites
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analogues are shown to exhibit diminished rates of tetrahydro- for E. coli dihydrofolate reducta8aunder the control of a T7
folate production; studies with the DHFR containifs- promoter, was modified for this study. The modifications
dimethylaspartate at position 27 indicated that this was due toincluded the introduction of the DNA sequence corresponding
alteration of the rate of hydride transfer. to the peptide sequence MIHHHHHHE immediately prior to
the initiator codon (plasmid pTHis15, Figure 2). The inclusion
Results of the hexahistidine moiety was intended to facilitate purification
The elaboration of a number of analogues Bf coli of the derived DHFR by affinity chromatography on Ni-NTA

dihydrofolate reductase modified at single, predetermined sitesagaros€. In addition, the coding sequence of the DHFR gene
has been effected using the general strategy shown in Schemavas altered to include nonsense (TAG) codons at positions 10
1. In this specific case, messenger RNAs containing nonsense(pTZN2H4) or 27 (pTZ27R2H11).
(UAG) codons at position 10 or 27 were translated in a cell  In vitro transcription of each of the four plasmids was carried
free protein synthesizing system that employed rabbit reticu- out using T7 RNA polymerase following linearization of the
locyte lysate (Scheme 2). Translation of these mRNAs to afford plasmid DNAs with restriction endonucleaganHl. The
full length protein was dependent on the presence of an synthesized RNAs were analyzed by polyacrylamide gel elec-
aminoacylated suppressor tRNA. The derived dihydrofolate trophoresis and shown to have the expecte@QQ nt) lengths.
reductase analogues were purified to homogeneity by affinity  In Vitro Protein Synthesis. Preparation of the misacylated
chromatography and used to (i) verify the incorporation of the tRNAcuas employed for readthrough of nonsense codons was
modified amino acids by suppression of the nonsense codonsaccomplished as shown in Scheme 3, by T4 RNA ligase-
(i) determine the ability of individual dihydrofolate reductase mediated coupling oN-protected 43')-O-aminoacyl-pdCpA
analogues to bind to the folate antagonist methotrexate and (iii) derivatives with tRNA transcripts lacking the’-&rminal
define the properties of key analogues in mediating the cytidine and adenosine moieties. This strategy, first described
conversion of dihydrofolate- tetrahydrofolate. (6) Smith, D. R.; Calvo, J. MNucleic Acids ResL98Q 8, 2255.
Construction of Expression Plasmids and in Vitro Tran- (7) Janknecht, R.; de Martynoff, G.; Lou, J.; Hipskind, R. A.; Nordheim,
scription. Plasmid pTZRKE (Figure 1), which encodes the gene A.; Stunnenberg, H. GProc. Natl. Acad. Sci. U.S.A.991, 88, 8972.
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Scheme 2. Strategy Employed for the Elaboration and Characterization of Dihydrofolate Reductases Modifed at Position 10 or
Position 27
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a A linearized plasmid DNA containing the DHFR gene with a stop codon (TAG) at position 10 or 27 was transcribed using T7 RNA polymerase.
In vitro translation of the derived mRNA in the presence of a misacylated suppressor tRNA afforded DHFR with a modified amino acid at the
predetermined site. Following purification on a Ni-NTA resin, the modified DHFRs were assayed for their abilities to bind methotrexate and effect
the reduction of dihydrofolate to tetrahydrofolate. Representative DHFRs modified at position 10 were degraded with Glu-C endoproteinase to
afford a 17-amino acid polypeptide, the latter of which was compared with an authentic sample for verification of structure.

by Noren et al. in 1989 s a modification of earlier approaches experiment {17%) and proved comparable in numerous other

described by the Hecht laborat8nand has been studied tests. The protein synthesizing system employed was carefully
intensively for more than a decadé® The syntheses of the
amino acids and aminoacylated pdCpA derivatives employed  (10) (a) Baldini, G.; Martoglio, B.; Schachenmann, A.; Zugliani, C.;

; ; Brunner, J.Biochemistry1988 27, 7951. (b) Bain, J. D.; Glabe, C. G.;
here will be described elsewhéfe. Two suppressor tRNA Dix. T. A Chamberlin A R Diala. E. S). Am. Chem. 504988 111

transcripts were tested for efficiency of vitro suppression.  gp13. () Robertson, S. A.; Noren, C. J.; Anthony-Cahill, S. J.; Griffith,
One of these, structurally related to yeast tRihas been M. C.; Schultz, P. GNucleic Acids Resl989 17, 9649. (d) Noren, C. J.;
described previousli£d12it was obtained for the present study é”?‘ﬁﬁf@?ﬂ{g %S Jaeiléga ?éjé;a Nér)eg.o Eéﬁé;o ﬁri;fitg, _ME-”%-;a ECFUXZ_,
_byln vitro transcription of a synthetic tRNA gene that had been S'Chu'ltzlf P. GJ. Am. Chem. S0d991 113 2722, (f) Ellman, J.: Mendel,
incorporated into plasmid pUC19 under the control of a T7 pb.; Anthony-Cahill, S.: Noren, C. J.; Schultz, P. i@ethods Enzymol992
promoter. The other tRNA was d&h colitRNAA2. 4 construct 202, 301. (g) Bain, J. D.; Wacker, D. A., Kuo, E. E.; Chamberlin, A. R.

i _ i ian i Tetrahedron1991, 47, 2389. (h) Bain, J. D.; Diala, E. S.; Glabe, C. G;
containing a one-nucleotide alteration in the acceptor stem thatWacker’ D. A Lyttle, M. H. Dix, T. A.. Chamberlin, A. FBiochemistry

rendered it dysfunctional for aminoacyl-tRNA synthetase- 1991 30 5411. (i) Bain, J. D.; Switzer, C.; Benner, S. A.; Chamberlin, A.
mediated activatio® This tRNA was also prepared fiy vitro R. Nature 1992 356 537. (j) Ellman, J. A.; Mendel, D.; Schultz, P. G.

transcription from newly constructed plasmid pRHM1. Fol- Sciencel992 255 197. (k) Eliman, J. A.; Volkman, B. F.; Mendel, D.;

lowing activation with valine, both of these tRNAs were ,\S/lghn‘é'gll g:;%’m\fﬁ:”?ek;Déh'ghémz'.;C\E‘gg;]'stsrgldg?zl_}iﬁ“?:ﬁ' 'g) A
employed for the elaboration of dihydrofolate reductase in a schultz, P. GSciencel992 256 1798. (m) Judice, J. K.; Gamble, T. R.;

rabbit reticulocyte system using an mRNA having the codon Murphy, E. C; de Vos, A. M.; Schultz, P. Gciencel993 261 1578. (n)

i ; ; _ Chung, H.-H.; Benson, D. R.; Schultz, P. Sciencel993 259 806. (0)
UAG at position 10. As shown in Figure 3, both valyl Mendel, D.; Ellman, J. A.; Schultz, P. @. Am. Chem. Sod.993 115

tRNAcuas displayed the same suppression efficiency in this 4359 (p) Cornish, V. W.; Benson, D. R.; Altenbach, C. A.; Hideg, K.;
Hubbell, W. L.; Schultz, P. GProc. Natl. Acad. Sci. U.S.A994 91, 2910.
(8) Noren, C. J.; Anthony-Cahill, S. J.; Griffith, M. C.; Schultz, P. G.  (q) Thorson, J.; Chapman, E.; Murphy, E. C.; Schultz, P. G., Judice, J. K.

Sciencel989 244 182. J. Am. Chem. So&995 117, 1157. (r) Cornish, V. W.; Mendel, D.; Schultz,

(9) (@) Hecht, S. M.; Alford, B. L.; Kuroda, Y.; Kitano, S. J. Biol. P. G. Angew. Chem., Int. Ed. Engl995 34, 621. (s) Nowak, M. W.;
Chem.1978 253 4517. (b) Pezzuto, J. M.; Hecht, S. Nl. Biol. Chem. Kearney, P. C.; Sampson, J. R.; Saks, M. E.; Labarca, C. G.; Silverman, S.
198Q 255 865. (c) Heckler, T. G.; Zama, Y.; Naka, T.; Hecht, S. J. K.; Zhong, W.; Thorson, J.; Abelson, J. N.; Davidson, N.; Schultz, P. G;

Biol. Chem.1983 258 4492. (d) Heckler, T. G.; Chang, L. H.; Zama, Y.;  Dougherty, D. A.; Lester, H. ASciencel995 268 439. (t) Mamaev, S.
Naka, T.; Hecht, S. MTetrahedronl984 40, 87. (e) Heckler, T. G.; Chang, V.; Laikhter, A. L.; Arslan, T.; Hecht, S. MJ. Am. Chem. S0d.996 118

L. H.; Zama, Y.; Naka, T.; Chorghade, M. S.; Hecht, S. Blochemistry 7243. (u) Steward, L. E.; Collins, C. S.; Gilmore, M. A.; Carlson, J. E.;
1984 23 1468. (f) Roesser, J. R.; Chorghade, M. S.; Hecht, S. M. Ross, J. B. A.; Chamberlin, A. R. Am. Chem. S0d.997 119 6.

Biochemistry1986 25, 6361. (g) Payne, R. C.; Nichols, B. P.; Hecht, S. (11) Crasto, C. F.; Laikhter, A. L.; An, H.; Arslan, T.; Lodder, M.; Hecht,
M. Biochemistryl987, 26, 3197. (h) Heckler, T. G.; Roesser, J. R.; Cheng, S. M. Manuscript in preparation.

X.; Chang, P.-1.; Hecht, S. MBiochemistryl988 27, 7254. (i) Roesser, J. (12) RajBhandary, U. L.; Chang, S. H.; Stuart, A.; Faulkner, R. D;
R.; Xu, C.; Payne, R. C.; Surratt, C. K.; Hecht, S. Blochemistry1989 Hoskinson, R. M.; Khorana, H. @Groc. Natl. Acad. Sci. U.S.A967, 57,

28, 5185. (j) Hecht, S. MAcc. Chem. Red.992 25, 545. (k) Lodder, M.; 751.

Golovine, S.; Hecht, S. MJ. Org. Chem1997, 62, 778-779. (13) Hou, Y.-M.; Schimmel, PNature 1988 333 140.



Active Site Aspartic Acid in Dihydrofolate Reductase J. Am. Chem. Soc., Vol. 119, No. 35, 8158

DHFR DHFR

HexaHis
T7 promoter T7 promoter
~,

wild type DHFR gene wild type DHFR gene
with the N-terminal HexaHis coding sequence

DHFR DHFR

TAG TAG
HexaHis \< HexaHis

AN

T7 promoter T7 promoter\
~ ~
DHFR gene with an amber codon (TAG) at the DHFR gene with an amber codon (TAG) at the
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Figure 1. Plasmid constructs used for expression of the DHFR gene.

Scheme 3Chemical Aminoacylation” Strategy Employed for the Preparation of Misacylated Suppressor tRNAs
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optimized with respect to variables such as concentrations of Elaboration of Modified DHFRs. The preparation of a
mRNA, misacylated tRNAs and cofactors, time of incubation, number of DHFRs modified at position 10 was carried out in
etc. (data not shown). anin vitro protein biosynthesizing system in the presence of a
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Bell TAG

1 1
5°...ATG ATC CAC CAT CAC CAC CAT CAC GAA ATG ATC AGT CTG ATT GCG GCG TTA GCG GTA
Met lle His His His His His His Glu‘ Met Ile Ser Leu Ile Ala Ala Leu Ala Val
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Figure 2. Nucleotide sequence and deduced amino acid sequence dtehd 6f the DHFR gene. Amino acids are numbered starting from the

first Met of wild-type DHFR; a hexahistidine sequence added to the N-terminus to facilitate affinity purification is underlined. Restriction sites are
indicated by solid arrows; sites of hydrolysis by Glu-C endoproteinase (Glu-C) by dashed arrows. Also indicated are the sites of introduction of
nonsense codons (positions 10 and 27) and the start of the DHFR sequence (bold arrow).

1 2 3 i1 3 5 7 9

215- |

e B e~ —

Figure 3. Autoradiogram of a 20% SDS-polyacrylamide gel illustrating
thein vitro synthesis of ’S]methionine-labeled DHFR: lane 1, pTHis
(wild-type) mRNA; lane 2, pTZN2H4 mRNA (UAG at codon 16) Figure 5. Synthesis of dihydrofolate reductase analogues containing
E. colivalyl-tRNA”2c,,; and lane 3, pTZN2H4 mRNA- yeast valyl- structurally modified amino acids at position 27. Protein synthesis was
tRNAPhe ;4. The molecular weight observed for the derived protein, carried out and analyzed as described in the legend to Figure 4 with
as judged from several molecular weight markers (two of which are the exception that the mRNA contained a UAG codon at position 27

shown, in kDa), was consistent with the expected value. (derived from plasmid pTZ27R2H11): lane 1, no tRNA; lane 2,
wild-type mRNA, no tRNAwua; lane 3, valine; lane 4, aspartic acid,;
1 3 5 7 9 lane 5,5,5-dimethylaspartic acid; lane érythro3-methylaspartic acid;

lane 7 threo3-methylaspartic acid; lane 8, cysteic acid; lane§thro-
carboxyproline; and lane 10-methylaspartic acid.

- Table 1. Suppression Efficiencies by Aminoacyl-tRNé. at
,_.\“e“- o=y, . Positions 10 and 27 of Dihydrofolate Reductase

suppression efficiency (%)

Figure 4. Elaboration of dihydrofolate reductase analogues containing amino acid position 10 position 27

modified amino acids at position 10. Protein synthesis was carried out aspartic acid, allyl ester 38

in the presence of*S-methionine using a rabbit reticulocyte lysate,  aspartic acid ) 7 11

mRNA containing UAG at codon position 10 and no suppressor tRNA  rythrocarboxyproline b 3

(lane 1) or a suppressor tRNA activated with one of several amino threo-carboxyproline b
cysteic acid 3 3

acids (lanes 310). Following incubation at 30C for 2 h, the reaction

mixtures were analyzed on a 20% SDS-polyacrylamide gel: lane 1, ﬁ,ﬂ-dlmethylaspartlc_ acid 9 16
. i - line: o-methylaspartic acid 3 b
no tRNAcua; ane ?,.WI d-type mRNA, no tR_NeUA_, .ane 3, valine; erythro.8-methylaspartic acid s 7
lane 4, aspartlc_ aC|d,_ lane B,5-dimethylaspartic ac:|d_, Iane_ érythro- threo,8-methylaspartic acid 11 10
p-methylaspartic acid; lane #hreo(-methylaspartic acid; lane 8, N-methylaspartic acid 4 b
cysteic acid; lane %rythro-carboxyproline; and lane 10}-methylas- phenylalanine 20 15
partic acid. The band in lane 1 is believed to represent a translation phosphonoalanine b 3
product initiated at an internal (position 16) AUG codon (cf Figure 2).  valine 30 41

. . . a Defined as the percentage of DHFR produced via nonsense codon
mMRNA containing a UAG codon at the position to be modified syppression relative to production of DHFR from wild-type mRNA.

and a suppressor tRNA activated with a synthetic amino acid. ® Incorporation not significantly above background.

As shown in Figure 4, the elaboration of full length protein

was dependent on the presence of an aminoacylated ¢8NA  erythro- and threo3-methylaspartic acid, cysteic acid, and
in the absence of this species (lane 1), the derived product wasN-methylaspartic acid (Figure 4). Quantification of the extent
a protein formed by initiation at the internal methionine codon of DHFR formation in the presence of 12 different aminoacyl-
located at position 16 of full length DHFR, presumably formed tRNAcyas was carried out by phosphorimager analysis and is
by protein synthesis termination and reinitiatityn Likewise, summarized in Table 1. An analogous set of experiments was
negligible amounts of full length DHFR were obtained in the carried out to effect the incorporation of 13 modified amino
presence of unacylated, full length suppressor tRNAs, consistentacids into position 27, which normally contains an active site
with published observations for these speé#sin the presence  aspartic acid (Figure 5 and Table 1). A few trends are apparent
of aminoacylated tRNAuas, several full length DHFRs were  from the data summarized in Table 1. First, there was a
formed?® including species containings-dimethylaspartic acid,  substantial variation from one amino acid to the next in the
efficiency of incorporation at a given site, indicating that the

(14) Kozak, M.Mol. Cell Biol. 1987, 7, 3438. . . . . . .
(15) Admixture of unacylated tRNAjas to the translation mixtures nature of the amino acid side chain affects the efficiency of

afforded no DHFR protein because neither suppressor tRNA is a substrateNOnsense codon readthrough. Nonpolar amino acids such as
for the endogenous aminoacyl-tRNA synthetases. phenylalanine and valine were incorporated with greater ef-
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Figure 6. Structures of the modified amino acids incorporated into positions 10 and 27 of dihydrofolate reductase.

1 2 3 4

Figure 7. Autoradiogram of a 20% SDS-polyacrylamide gel showing
crude and purified3fS]methionine-labeled DHFRs synthesized using
pTN2H4 mRNA (UAG at codon 10) and tRNA activated with the
following amino acids: lane lg-methylaspartic acid; lane 2\-
methylaspartic acid; and lanes 3 and 4, aspartic acid. Lares 1
contained DHFR purified on Ni-NTA agarose prior to PAGE; lane 4
contained the crude product from the protein synthesis reaction.

ficiency than the charged aspartic acid analogues, consisten
with earlier observation¥" Second, although some interex-
periment variation in yields was noted, the efficiency of
incorporation of any given amino acid into position 10 was not
dramatically different than that noted for position 27. While
not yet explored in detail, it may also be noted that protection
of aspartic acid as its allyl ester substantially enhanced the
efficiency of incorporation of a polar modified amino acid into
protein. In spite of the technical limitations reflected in the

present study, a substantial variety of amino acid analogues

were, nonetheless, successfully incorporated into DHFR in
position 10 or 27 (Table 1 and Figure 6).

Purification and Analysis of Modified DHFRs. Purification
of the modified DHFRs was carried out in two steps. First, the
elaborated proteins were purified by chromatography on DEAE
Sepharose CL-6B, which permitted removal of hemoglobin

present in the rabbit reticulocyte lysate. Subsequent application

of the modified DHFRs to an Ni-NTA agarose column effected

specific retention of those proteins having a hexahistidine moiety
at the N-terminus; protein factors introduced with the rabbit

reticulocyte lysate as well as truncated DHFRs (e.g., those
formed by initiation at internal methionine codons, cf Figures

4 and 5) were thereby eliminated. The effectiveness of this
procedure is readily apparent in Figure 7, which illustrates the
purification of three different DHFRs.

That the modified amino acids shown in Figure 6 actually

were incorporated at the intended sites was verified by degrada-

tion of several of the DHFRs modified at position 10. These
DHFRs were elaborated in the presence38-methionine,
purified, and then digested with Glu-C endoproteinase which
hydrolyzes peptide bonds specifically at the carboxamide side
of glutamic acid residue’®. As shown in Scheme 2 and Figure

2, one of the?*S-labeled products should be a 17-amino acid
peptide encompassing amino acids 1-17 of DHFR.

Nonradiolabeled peptide standards of this 17-amino acid
peptide containing valine, aspartic acid, toreo-5-methylas-
partic acid at position 10 were prepared by chemical synthesis.
Each of these peptides was added to a Glu-C endoproteinase
digest of 3°S-labeled DHFR elaborated hbip vitro protein
biosynthesis and putatively containing the same amino acid at
position 10. Each mixture was then fractionated by reverse
phase HPLC with simultaneous detection of UV absorption and
radioactivity. As is clear from Figure 8, each of the proteolytic
digests contained ®S-labeled peptide that comigrated with the
authentic synthetic standard. It may be noted that the relative
retention times of these peptides accurately reflected the
lipophilicity of the amino acid at position 10.

Properties of the Modified DHFRs. The modified DHFRs
were assayed for their abilities to bind to the substrate analogue
methotrexatéand for their catalytic competence in converting
tdihydrofolic acid to tetrahydrofolic acid. Methotrexate binding
was assayed by applying solutions of the Ni-NTA agarose-
purified DHFRs to an agarose column containing immobilized
methotrexate. The column was washed with low and then high
salt buffers and finally with a high salt buffer containing 10
mM folic acid. The elution of the modified DHFRs was
monitored by scintillation counting of aliquots withdrawn from
individual fractions.

Position 10, which contains valine in wild-type DHFR, was
chosen for replacement because it is not known to be associated
with any DHFR function; it was anticipated all DHFRs modified
at this position would bind to methotrexate-agarose. As
illustrated in Figure 9 and Table 2, this proved to be true for
wild-type DHFR and also for DHFRs elaboratedzitro with
valine, aspartic acid, and phenylalanine at position 10.

Position 27 normally contains aspartic acid; when employed
at pH 7.0, none of the other 19 amino acids normally
incorporated into proteins ribosomally can substantially support
the catalytic function of DHFR:2 As shown in Figure 10 and
Table 2, the introduction of valine or phenylalanine into position
27 afforded DHFRs that would not bind to methotrexate-agarose.
In comparison DHFRs produced wvitro containing aspartic
acid, cysteic acid, andrythro-carboxyproline at position 27 all
bound to the methotrexate affinity resin. It is interesting that
for a few of the elaborated proteins capable of binding to
methotrexate-agarose, there was also a peak of radiolabel that
eluted in the high salt wash and which may correspond to protein
that is not folded properly (Figure 10). To determine whether
this putative protein might slowly equilibrate with folded protein
for the DHFR analogues, we reapplied a few of the purified,

(16) Drapeau, G. RMethods Enzymoll976 45, 469.
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Figure 8. Comparative analysis by'€reverse phase HPLC of°B]methionine-labeled 17-amino acid peptides derived by Glu-C endoproteinase
treatment of modified DHFRs, vs authentic synthetic samples of the putative products: panel A, peptide containing valine at position 10; panel B,
peptide containing aspartic acid at position 10; and panel C, peptide contéingtgs-methylaspartic acid at position 10.

Table 2. Binding of Structurally Modified DHFRs to a
Methotrexate Affinity Column

Table 4. Tetrahydrofolate Production by a Modified DHFR
Containingg,s-Dimethylaspartate at Position 27

binding capability of DHFR altered at

amino acid substitution position 10 position 27
aspartic acid + +
erythro-carboxyproline +
cysteic acid +
phenylalanine + -
valine + -

Table 3. Relative Catalytic Efficiencies of Modified DHFRs

relative efficiencies
of DHFR modified at

amino acid position 10 postion 27
aspartic acid 1.0
B,p-dimethylaspartic acid 0.74
erythro-5-methylaspartic acid 0.86
threo-5-methylaspartic acid 0.76
phenylalanine 1.0 0
valine 1.0 0

folded proteins to another methotrexate column. As illustrated
for DHFR containing cysteic acid in position 27, each of the
purified proteins tested eluted from the second column only
when treated with folic acid.

A number of the modified DHFRs were also prepared on a

larger scale and tested for catalytic competence. It was shown

that DHFR containing the hexahistidine fusion peptide at its
N-terminus displayed the same characteristics as wild-type
DHFR in converting dihydrofolic acid to tetrahydrofolic acid.
Further, DHFR produced hin vitro translation and containing

relative product formation

DHFR pH (NADPH/NADPD)
aspartic acid 7.0 1.60.1
aspartic acid 8.1 1.60.1
B,p-dimethyaspartic acid 7.0 100.6

the overall process of tetrahydrofolate production (e.g., product
release from DHFR), we studied the facility of product formation
in the presence of NADPH vs NADPD at two different pH
valuest’

For the wild-type DHFR at 37C, we found that

v,
0= 14+01

VpH 8.1

in good qualitative agreement with previous results obtained
under somewhat different assay conditidhsThe DHFR
containing 3,4-dimethylaspartic acid at position 27 gave a
maximum velocity only slightly less than observed for wild-
type DHFR at pH 7.0 (cf. Table 3). In contrast, at pH 8.1 this
modified DHFR was much less efficient, such that it was
difficult to obtain a precise value for the maximum velocity.
We estimate that

V7.0 >3

VpH 8.1

for the modified DHFR.
Measurement of the maximum velocity of the wild-type and

aspartic acid at position 27 had the same properties as naturallymodified DHFRs was also carried out in the presence of

derived DHFR|[cf. ref 4c]. In comparison, incorporation of
valine or phenylalanine at position 27 rendered DHFR dys-
functional, as expectet?

Of particular interest were the DHFRs containiegythro
andthreo5-methylaspartic acids amgj3-dimethylaspartic acid,
all of which reproducibly converted dihydrofolate to tetrahy-
drofolate about 7486% as well as wild-type DHFR in multiple
turnover experiments (Table 3). In order to determine whether
this was due to an intrinsic alteration in the rate of hydride
transfer from NADPH or to limitation of some other step in

NADPD. As shown in Table 4, at pH 7.0 the maximum velocity
of product formation for the wild-type enzyme was the same
within experimental error in the presence of NADPH or
NADPD. At pH 8.1, the maximum velocity of product
formation was 1.6 times greater in the presence of NADPH than
NADPD, reflecting the known diminution of the rate of hydride
transfer at higher pH’ For the DHFR containings,s-

(17) (a) Fierke, C. A.; Johnson, K. A.; Benkovic, SBibchemistry1987,
26, 4085. (b) Chen, J.-T.; Taira, K.; Tu, C.-P. D.; Benkovic, S. J.
Biochemistry1987, 26, 4093.
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Figure 9. Elution of DHFRs from a methotrexate-agarose affinity column. DHFRs synthesized from pTZN2H4 mRNA with valine and aspartic
acid at position 10 were compared with wild-type DHFR elaborated using pTHis 15 mRNA. The column was washed with potassium phosphate
buffer, pH 6 (fractions 24), phosphate buffer contaignl M KCI (fractions 5-8), and then phosphate buffer contagih M KCIl and 10 mM
folic acid (fractions 9-13).

dimethylaspartic acid at position 27, the maximum velocity of agarose columns used to analyze the binding capabilities of the
product formation was found to be 1.9 times greater in the proteins (Figures 9 and 10). However, this procedure would
presence of NADPH than NADPD even at pH 7.0, suggesting not have been applicable to modified DHFRs such as the ones
strongly that hydride transfer was the rate-limiting step from containing phenylalanine and valine at position 27, which were
the modified enzyme even at pH 7.0. This was consistent with formed in good yields (Table 1) but were incapable of binding
the finding that product formation by the modified enzyme was to the methotrexate affinity resin.

difficult to measure at pH 8.1 in the presence of NADRkti¢€
suprg and virtually undetectable in the presence of NADPD.

Discussion

One interesting facet of the synthesis of DHFR-containing
modifications at position 10 was the appearance of a band
slightly shorter than the full length product even when no
suppressor tRNA was present (Figure 4). This byproduct was
readily separated from the full length product because it was

The results presented clearly demonstrate that a number Ofnot retained on the Ni-NTA agarose column during purification;

modified amino acids have been incorporated into positions 10
and 27 of dihydrofolate reductase. The modified proteins had
the same electrophoretic mobility on SDS-polyacrylamide gels
as wild-type DHFR; the mobility of the latter relative to a set
molecular weight markers was consistent with the calculated
M, of 19 196 expected fdE. coli DHFR containing a 9-amino
acid fusion peptide at the N-terminus (Figures 2 and 3). More
definitively, proteolysis of several of the DHFRs modified at
position 10 with Glu-C endoproteinase afforded peptides
identical with authentic synthetic standards as judged by HPLC
analysis (Figure 8).

In vitro synthesis of the modified DHFRs, which involved

suppression of a nonsense codon in each case, was carried out

successfully using a commercially available rabbit reticulocyte

lysate system. This system was employed previously for the
overexpression of DHFR according to a strategy that coupled
the polymerase chain reaction with transcription and translation;

the derived protein was fully competent as a catalyst relative
to wild-type DHFR isolated fronk. coli>®

Because the elaboration of proteins in cell free systems

the observed behavior on Ni-NTA agarose indicates that this
shorter protein must lack the N-terminal fusion peptide.
However, this product was not separated from the full length
product on a methotrexate agarose affinity column, indicating
that the missing amino acids do not extend into the active site.
It seems likely that this shorter protein results from initiation
of translation from the ATG codon for Met-16 (Figure 2). One
more product located on the gel between the full length product
and the protein discussed above seems likely to have been
produced from the same mRNA by “context-dependent leaky
scanning”® from the ATG codon for Met-1. It also failed to
bind to Ni-NTA agarose.

The suppression efficiencies obtained depended very sub-
stantially on the nature of the amino acid incorporated. The
aspartic acid derivatives studied, which are of the greatest
interest in the present case from the perspective of probing
enzyme mechanism, were incorporated much less efficiently
than valine and phenylalanine from the same suppressor tRNA.
Other hydrophobic amino acids tested in the same system were
also incorporated with greater facility than aspartic acid

requires the addition of protein factors in greater total abundance(analogues). The lower level of incorporation of charged amino
than the protein species actually synthesized, it is essential t0,.i4s has been noted previod€lyand may well represent a

have some strategy for purification of the derived proteins. In

general property of such amino acids. At presentitis less clear

the present case, a hexahistidine moi.ety included as a fusionynather charged amino acids participate in peptide bond
peptide at the N-terminus was able to bind to a Ni-NTA agarose ¢rmation with lesser facility in response to all codons that

affinity resin; subsequent elution with a high salt buffer
containing 10 mM imidazole effected elution of the purified
protein. In principle, it would have been possible to effect
purification of the elaborated DHFRs on the methotrexate-

specify such aminoacyl-tRNAs or whether the need for sup-
pressor tRNAs to compete with release factors that also interact

(18) Kozak, M.J. Cell Biol. 199Q 115 887.
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Figure 10. Assay of DHFRs altered at position 27 on a methotrexate-agarose affinity column. The binding assay was run as indicated in the legend
to Figure 9.

with nonsense codotsplaces those species bearing charged folate by DHFR both quantitatively and qualitatively. Assuming
amino acids at some selective disadvantage. that the structurally modified DHFRs bind substrate in the same

From a practical perspective, the observation that the allyl fashion as the wild-type enzyme, the alterations associated with
ester of aspartic acid could be incorporated with much greater introduction of the methyl group ierythro3-methylaspartate
efficiency than aspartic acid itself (Table 1) offers great promise may result from steric interaction with the carbonyl of Leu24,
for the elaboration of modified proteins containing polar, while the methyl group in théhreoisomer is relatively close
modified amino acids in enhanced vyields. While obvious to the side chain of Phel53. Obviously, it is also possible that
technical issues such as the optimal choice of protecting groups,the introduction of these methyl groups has resulted in a more
their introduction into aminoacylated dinucleotides, and the substantial reorganization of the enzyme active site. In any case,
reliable removal of the protecting groups from the elaborated these alterations in the behavior of the enzyme demonstrate that
proteins (many of which will have folded around the protecting small, defined structural changes in enzyme structure have the
group) still require resolution, these are being addressed atwherewithal to produce functional changes that can facilitate a
present in the belief that a much greater variety of modified better understanding of the relationship between enzyme
amino acids can be introduced with facility in this fashion. structure and function.

In order to demonstrate the potential of the present technique We are presently utilizing misacylated tRNAs to modify
for dissecting enzyme mechanism at higher precision than canDHFR at multiple positions in order to carry out the dissection
be achieved using site directed mutagenesis with the 20 aminoof enzyme function at high resolution.
acids that nature uses to construct proteins, we studied three of
the modified DHFRs. As shown in Table 3, substitution of the Experimental Section
aspartic acid at position 27 with aspartic acid analogues bearing

one or two methyl groups at th&position of the side chain

resulted in a modest but reproducible diminution in the
maximum velocity of tetrahydrofolate production. In multiple
turnover experiments of this type, the rate limiting step for

General Methods. Nuclease-treated rabbit reticulocyte lysate, DNA
polymerase | (Klenow fragment), T4 DNA ligase, and restriction
endonucleasepnl, Hindlll, BamHI, andBcll were purchased from
Promega Corp. Restriction endonucleaB&8MI and Fokl as well as
purified acylated bovine serum albumin (BSA) were from New England

tetrahydrofolate production has been shown to involve releasepipjabs. Methotrexate immobilized on agarose (MTX agarose), DEAE

of the formed product rather than hydride transfer per se. To
determine whether the diminution in tetrahydrofolate production
observed for the modified DHFRs was due to an alteration of
active site geometry, which further diminished the rate of
product release, or to a change in the rate limiting step, we
measured the maximum velocity of product formation in the
presence of NADPH vs NADPE. As shown in Table 4, the
wild-type enzyme exhibited an isotope effect only at higher pH,
reflecting a change in the rate limiting step to hydride transfer,
as noted previously. Interestingly, the DHFR bearing,3-
dimethylaspartic acid at position 27 exhibited a significant
isotope effect even at pH 7.0, arguing that the introduction of
the two methyl groups within the active site at position 27 altered
the rate limiting step for tetrahydrofolate production.

It is interesting that the simple introduction of one or two
methyl groups within an active site residue in orientations that
would seem from the X-ray crystal structure of the NADP
dihydrofolate-DHFR compeX to be potentially tolerant of
substitution nonetheless altered the production of tetrahydro-

(19) Caskey, C. TTrends Biochem. Sci98Q 5, 234.

Sepharose CL-6B3-NADPH, folic acid, dihydrofolic acid, and Glu-C
endoproteinase were obtained from Sigma Chemicals. Kits for plasmid
isolation and for purification of proteins on Ni-NTA agarose were
purchased from QIAGEN Inc. (Chatsworth, CA). Synthetic oligo-
nucleotides were obtained from Cruachem, Inc. (Dulles, VA) or Midland
(Midland, TX). Escherichia colcompetent cells were purchased from
Stratagene Cloning Systems (LaJolla, CA). AmpliScribe transcription
kits were obtained from Epicentre Technologies (Madison, WtB][
methionine (1000 Ci/mmol) was from Amersham Corporation.

Ultraviolet spectral measurements were made using Perkin-Elmer
Lambda Array 3840 or Hewlett Packard 8451A Diode Array Spectro-
photometers equipped with a thermal control unit. Radioactivity
measurements were made with a Beckman LS-100 C liquid scintillation
counter. Phosphorimager analysis was performed using a Molecular
Dynamics 300 E Phosphorimager equipped with ImageQuant software.
HPLC analysis was carried out using a Varian Model 2050 system;
[¥5S]-containing material was monitored bySaRAM radioactivity
detector (Insus Systems, Inc., Tampa, FL). Peptide mass spectral
analysis was carried out on a Finnigan-MAT Lasermat MALDI-TOF
mass spectrometer.

Construction of Expression Plasmids Carrying the Gene for
Dihydrofolate Reductase. Plasmid pTZRKE, a derivative of pTZ19R
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encoding wild-type DHFRunder the control of a T7 promoter, was
modified for this study. Th&cll-PfIMI fragment from pTZRKE coding

for the wild-type DHFR amino acid sequence from Met-1 to Ala-19
(Figure 2) was replaced by a synthetic oligonucleotide duplex containing

J. Am. Chem. Soc., Vol. 119, No. 35, 819%

nmol) of an aminoacyl-pdCpA, 0.5 mM ATP, 15 mM MgCl10%

dimethyl sulfoxide and 100 units of T4 RNA ligase. Reaction mixtures
were incubated at 37C for 25 min and then quenched by the addition
of 5 uL of 3 M Na acetate, pH 4.5. The (aminoacylated) tRNA was

the same sequence except for the replacement of the GTA codon forprecipitated with 2.5 volumes of ethanol, collected by centrifugation,

Val-10 by a TAG codon. The resulting plasmid, pTZN2, was linearized
with Bcll and a synthetic duplex coding for nine amino acids that
included hexabhistidine was ligated to the linearized plasmid DNA,
affording plasmid pTZN2H4 (Figures 1 and 2). The same oligonucle-
otide duplex encoding hexahistidine was incorporated int@thiesite

of pTZRKE and PTZ27R, the latter of which was identical to pTZRKE
except for the replacement of the GAT codon for Asp-27 by TAG.
The resulting plasmids were denoted pTHis1l5 and pTZ27R2H11,

respectively. The nucleotide sequences in all of the plasmids were

verified by restriction analysis and Maxarilbert DNA sequencing®

Construction of an Expression Plasmid for thein Vitro Tran-
scription of Yeast tRNAP"5 (-CA). A DNA duplex containing the

T7 promoter, the nucleotide sequence corresponding to yeast tR-

NAPe o (-CA)0412 and appropriately placedpnl, Hindlll, BsiNI,

and Fokl cleavage sites, was constructed using two overlapping
synthetic oligonucleotides having the sequences pCCAACTGGTAC-
CGCTGCAGTAATACGACTCACTATAGCGGATTTAGC-
TCAGTTGGGAGAGCGCCAGACTCTAAATCTG and pTTTAC-
TAAGCTTGGATGGATCACCTGGTGCGAATTCTGTGGAT-
CGAACACAGGACCTCCAGATTTAGAGTCTGGC. The oligonu-
cleotides were purified on 8% denaturing polyacrylamide gels, then 5
ug of each was annealed in 10Q of 10 mM Tris HCI, pH 7.5,
containing 5 mM MgCJ, 50 mM NacCl, 1 mM DTT, and 5@g/mL of
acylated BSA. The solution was heated to®@and then cooled slowly

washed with 70% ethanol, and dried. The product was redissolved in
1 mM KOAc to a final concentration of Ag/juL and then irradiated
with a 500 W mercury-xenon lamp using Pyrex and water filters. The
protected aminoacyl-tRNA was cooled in an ice bath during irradiation,
which was typically carried out for 2 min for amino acid derivatives
containing one NVOC group and 5 min for derivatives with two NVOC
groups. The deprotected aminoacyl-tRNAs were usedninitro
suppression experiments immediately following deprotection.

The extent of ligation to afford misacylated tRNAs could be analyzed
by electrophoresis on a (200 200 x 0.8 mm) 8% polyacrylamide
gel containirg 7 M urea in 90 mM Tris-borate buffer, pH 8.2, at 800
V for 3 h. The deblocking conditions were optimized using protected
aminoacyl-pdCpA'’s; product analysis was carried out by HPLC.

Synthesis of MRNA byin Vitro Transcription. The plasmid DNAs
were linearized witiBanH| and then transcribed using an AmpliScribe
T7 transcription kit as described above foritro tRNAcua transcrip-
tion. The transcribed mRNA solution was extracted successively with
phenol and chloroform. The mRNA was precipitated from solution
with 2.5 volumes of ethanol, washed with 70% ethanol, and dried. The
mRNA was dissolved in RNase-free water and stored in aliquots at
—80°C.

In Vitro Synthesis of Dihydrofolate Reductase.In a typical
experiment, DHFR was synthesized in a reaction mixture-G@®uL
total volume) that containgaer 100uL: 70 uL of methionine-depleted,

over a period of 30 min. Polymerization was carried out in the presence nuclease-treated rabbit reticulocyte lysateu80of [**S]-L-methionine

of 1 mM NTPs and 5 units of DNA polymerase | (Klenow fragment)
at 37°C for 30 min. The double-stranded DNA was purified on a 6%
nondenaturing polyacrylamide gel, digested with restriction endonu-
cleaseKpnl and Hindlll, and then ligated to pUC19 DNA that had

(2000 Ci/mmol), 2uL of a solution 1 mM in 19 amino acids used in
ribosomal protein synthesis (but lacking methionine)u@ of the
appropriate mMRNA, and 10g (~0.4 nmol) of deprotected misacylated
tRNAcua. The reaction mixture was incubated at 0 for 2 h. In

been digested with the same restriction enzymes. The nucleotide vitro translation of control pTHis15 mRNA was carried out without

sequence of the resulting plasmid was verified by restriction analysis
and dideoxy sequencirtg.

Construction of an Expression Plasmid for thein Vitro Tran-
scription of E. coli tRNAA2, (-CA). A plasmid (pAla35) containing
a gene folE. coli tRNAA?, with a U— C mutation at position 78
was obtained from Dr. Paul Schimmel. The gene, flanked by an
upstream T7 promoter, was incorporated into commercially available
plasmid pSP65 betweelicoRl and BarrHI sites. A Fokl site was
incorporated into the resulting plasmid by replacement of a short
fragment excised by treatment wilanH| andPst endonucleases with
the duplex formed from the synthetic oligonucleotides pGATCCG-
CATCCTTCTGCA and pGAAGGATGCG. The nucleotide sequence
of the derived plasmid was confirmed by restriction analysis and
dideoxy sequencing.

In Vitro Transcription of tRNA cuaS. The plasmid DNAs were
linearized using~okl and then transcribed using an AmpliScribe T7
transcription kit in a buffered reaction mixture (500 total volume)
containing 7.5 mM of each of the four NTPs, 10 mM dithiothreitol, 20
nM template DNA, and LL/10 4L of T7 RNA polymerase preparation.
The transcribed tRNA was recovered from the reaction mixture by
precipitation with 2.5 volumes of ethanol, then collected by centrifuga-
tion, and dried under vacuum. The crude tRNA was then dissolved in
80% formamide containing 0.02% xylene cyanole FF and bromophenol
blue, applied to an 8% denaturing polyacrylamide gel (40xr20
cm x 2 mm), and subjected to electrophoresis at 800 V for 3 h. The
RNA bands were visualized by UV shadowiffggxcised from the gel
and recovered by the crush and soak methaith 100 mM Na acetate,
pH 4.6, containing 1 mM EDTA and 0.01% SDS at@for 12 h. The
tRNA was recovered by ethanol precipitation, dried, and then redis-
solved in RNase-free water stored in aliquots-&0 °C.

Synthesis of Misacylated tRNAs. Ligation reactions were carried
out in 50 uL (total volume) of 50 mM Na Hepes buffer, pH 7.5,
containing 5uL (~0.2 nmol) of tRNAcua)(-CA), 0.5 Aggo Unit (~20

(20) Maxam, A. M.; Gilbert, WProc. Natl. Acad. Sci. U.S.A977, 74,
560.

(21) Sanger, F.; Nicklen, S.; Coulson, A.Roc. Natl. Acad. Sci. U.S.A.
1977, 74, 5463.

(22) Hassur, S. M.; Whitlock, H. WAnal. Biochem1974 59, 162.

added misacylated tRNAa. Aliquots (typically 1uL) were utilized
for analysis by 20% SDS-PAGE. Autoradiography of the gels was
carried out to determine the location8-labeled protein; quantifica-
tion of the bands was carried out using a phosphorimager.

For the synthesis of DHFR for enzymatic assay, the reaction mixtures
contained an additional 2L (per 100«L of incubation solution) of 1
mM amino acids expect leucine, which was included %#§I¢ucine
for purposes of protein quantification.

Purification of Synthesized DHFRs. In vitro translation mixtures
(300uL) containing®*S-labeled protein were applied to a 6GA0-DEAE
Sepharose CL-6B column that had been equilibiated with 5 mM K
phosphate, pH 7.0. The column was washed with five A0D@ortions
of 5 mM K phosphate buffer, pH 7.6°S-labeled protein was then
washed from the column with five 1Q@- portions of 5 mM K
phosphate, pH 7.0, contaigril M KCI.

The fractions containing the radiolabeled proteins of interest were
applied to a 20Q:L Ni-NTA agarose column that had been equilibrated
with 50 mM Na phosphate, pH 8.0, containing 300 mM NacCl, 20 mM
imidazole, and 10&g/mL BSA. The column was washed with five
100uL portions of the same buffer; the protein was then eluted from
the column by washing with five 100k portions of 50 mM Na
phosphate, pH 8.0, containing 300 mM NacCl, 250 mM imidazole, and
10 uM BSA. The amount of5S-labeled protein in each fraction was
determined by liquid scintillation counting of a portion of each.

Binding of DHFRs to a Methotrexate Affinity Resin. A column
containing fifty uL of MTX agarose was equilibrated with 40Q_ of
10 mM K phosphate, pH 6.0, containing AM BSA. Aliquots (10-

50 uL) of the DHFR purified on Ni-NTA agarose were combined with
50 uL of 10 mM K phosphate, pH 6.0, containing 10@/mL BSA
and 50uL of the equilibrated MTX agarose resin; the mixture was
maintained at 28C for 1 h. The resin was then washed successively
with three 100uL aliquots of the same buffer and four 1@0-aliquots

of 200 mM K phosphate, pH 6.0, contaigih. M KCI and 10uM
BSA. The resin was then combined with 10 of 200 mM K
phosphate, pH 9.0, contairgii M KCI, 10 mM folic acid, and 1M
BSA, and the mixture was maintained atZ5for 1 h. The resin was
then washed with four 100t portions of 200 mM K phosphate,

(23) Laemmli, U. K.Nature197Q 227, 680.
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pH 9.0, containig 1 M KCI, 10 mM folic acid, and 1QuM BSA. rocetic acid-thioanisole-ethanedithol at 28C over a period of 18 h.
Aliquots (10-50 uL) of each fraction were used for determination of = The solution containing the cleaved product was lyophilized, affording
radioactivity. a white powder. The residue was dissolved in 20% aqueous sodium

Quantitation of DHFR Activity. The enzymatic activity of DHFR dodecyl sulfate with sonication and purified by reverse phase HPLC
was determined by oxidation of NADPH, the latter of which was on a Ggcolumn (Alltech, 250x 10 mm). The column was washed
monitored by the decrease in absorption at 339 nm according to the with a linear gradient from 36+ 60% acetonitrile in water containing
method of Baccanari et &. Following purification on DEAE 0.1% trifluoroacetic acid; the flow rate was 1.0 mL/min over a period
Sepharose CL-6B and Ni-NTA agarose,—200 uL of the DHFR of 30 min. After lyophilization, the purified peptides were obtained
fraction was diluted to 10QL as neccesary with 50 mM sodium  as fluffy white solids. The peptides were analyzed by mass spectrom-
phosphate, pH 8.0, containing 300 mM NacCl, 250 mM imidazole, and etry (MALDI TOF): MISLIAALA VDLVIGME, m/z1805.6 (calculated
100ug/mL bovine serum albumin. The (diluted) aliquots were included 1802.4); MISLIAALADDLVIGME, m/z1820.5 (calculated 1818.3);
in assays (1 mL total volume) containing 100 mM imidazole, pH 7.0, MISLIAALA fMeDDLVIGME, m/z1831.3 (calculated 1832.3).

10 mM S-mercaptoethanol, 100M dihydrofolic acid, and 10Q:M Analysis of DHFRs Containing Alterations at Position 10
NADPH. The reaction was carried out for 480 min at 37°C. DHFRs elaborated in the presence38-methionine and putatively
Enzymatic activity was determined by spectrophotometric determination containing valine, aspartic acid, dghreos-methylaspartic acid at

of NADPH consumed, by monitoring at 339 nm. The amount of protein position 10 were purified successively on DEAE Sepharose CL-6B and
used for assay was determined from the amoudt®abeled protein then Ni-NTA agarose columns, as described above. The purified
that comigrated with DHFR on SDS polyacrylamide gels. NADPH proteins were dialyzed against water foh and then digested with 4
consumption was corrected for background obtained when mRNA ,qg of Glu-C endoproteinase in reaction mixtures (&0total volume)
translation was carried out in the absence of misacylated suppressotthat contained 50 mM NaHGQpH 7.8, and 2 mM EDTA. The

tRNA. reaction mixtures were incubated overnight a@7 An aliquot (10~
For activity measurement at variable pH, Tris-HCl was employed 30 uL) of each reaction mixture was treated wittii mg of authentic
as the buffer. heptadecapeptide dissolved in 1d0of 20% SDS. The mixtures were

For measurement of DHFR activity in the presence of NADPD, analyzed by reverse phase HPLC on an Econosphgsecalumn
deuterated (B)-[2HINADPH was prepared by the procedure of Jeong (Alltech, 100x 4.6 mm) using a linear gradient of 25% acetonitrile in
and Gready® Purification was carried out by reverse phase hplc ona 100 mM aqueous N&Q, — 50% acetonitrile in 100 mM aqueous Na
250 x 10 mm Econosil @ column (Alltech); elution was effected SO, at a flow rate of 1.0 mL/min over a period of 20 min. The elution
with 50 mM (NH)CGO; solution at a flow rate of 2 mL/min and  of 35S-labeled material A-RAM radioactivity detector) and UV-

detected at 260 and 339 nm. Fractions haviAgsdAsse ratio of ~2.3 absorbing material (215 nm) were monitored simultaneously.
were combined and isolated by lyophilization.
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