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acid composition. In the early stages of fractionation these a mL~o acid conjugates 
appeared to have an absorptJon maximum at 268 rap., but in later ehro~nat©grap~ic 
steps the ninhvdrin positive components separated from the ,~v. absorbing co~;t)o- 
nents. Since this work was initiated several laboratories 7-'q have reporl:ed l:he presence 
of nucleotide-peptide complexes i~ microorganisms. The resuils described above 
strongly suggest the occurrence of similar compounds in marnnaalia~ tiss~e Beca~se 
of the low yields obtained, however, it: has not vet been possibie to es!al;Jis5 con- 
clusively the chemical nature of the complexes. 
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S I J M M A R 5  

I. ['~H]OFP and [aH]PFP are incorporated into ovalbumin and into ]ysozyme, 
as well as into a mixed tissue protein fraction by minced hen's oviduct incubated 
i~ vitro. In these purified proteins, the analogue is present as an integral part  of the 
molecule and has been found to be distributed among several peptides separated after 
partial degradation of the respective proteins. 

2. The significance of these and of similar studies demonstrating the incorporation 
of amino acid analogues into otherwise apparently complete and normal proteins is 
discussed. 

* P r e l i m i n a r y  r e p o r t s  of t h e s e  s t u d i e s  h a v e  b e e n  pub l i shed1 ,  2. 
The  a b b r e v i a t i o i l s  used  a,re: P F P ,  p f l u o r o p h e n y l a l a n i n e ;  O F P ,  o-l~uorophe~2y]a,ianine; l ' C , t ,  

t r i c h l o r o a c e t i c  ac id .  
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INTRODUCTION 

The incorporation of p-flurophenylalanine, an amino acid not known to occur in 
nature, into bacterial protein has been demonstrated in several laboratories 1-5. In 
these, as in most similar studies with amino acid analogues, the protein examined has 
been a mixture, in most cases the total TCA-precipitable protein of the bacteria or 
tissues studied. I t  is possible that  the analogue contained in this material is present 
only in incomplete protein molecules, the biosynthesis of which was halted by  the 
introduction of the unnatural amino acid. I t  is apparent from studies with bacterial 
mutants  that  some amino acid analogues can be very effectively utilized in the 
biosynthesis of functional proteins s and are therefore almost certainly incorporated 
into complete proteins. Isolation and characterization of proteins containing the 
analogue would be the necessary direct and conclusive evidence for utilization of any 
given amino acid analogue in protein synthesis. The studies described below were 
undertaken to determine whether PFP and OFP could be incorporated into purified 
lysozyme and ovalbumin by hen's oviduct incubated in vitro. 

METHODS 

Preparation of EaH~OFP and I3H]PFP 

OFP and PFP were labeled with trit ium by the WILZBACH 7 technique*. After 
removal of labile tritium, samples for use in incorporation experiments were subjected 
to chromatography on I × 20 cm columns of Dowex 50 (200-400 mesh) employing 
0.2 M citrate buffer, pH 5.0, as the elnant. The two analogues behaved similarly on the 
column, emerging almost exactly at the effluent volume characteristic for phenyl- 
alanine. Approximately 50 % of the radioactivity placed on the column emerged with 
the front, but this peak of radioactivity contained no ninhydrin reactive material. 
The peak of ninhydrin reactive material, representing 80-90 % recovery of amino acid, 
coincided with a second peak of radioactivity. The material in this peak was pooled and 
desalted. The specific radioactivity of the chromatographically purified OFP was 
2.8-lO 5 counts/min//xmole. This specific radioactivity was unchanged by  t reatment  
with 6 N HC1 under the same conditions used in later experiments to hydrolyze 
protein. After this acid treatment OFP was recovered from paper chromatograms 
developed with Solvent I (tert-butanol-methyl ethyl ketone-water,  (2:2:1)). PFP  
purified by column chromatography had a specific radioactivity of 4.5" lO5 counts/min/ 
/xmole. PFP appears to be well separated from phenylalanine, which has a lower RF, 
by chromatography on paper with Solvent 1 3. When, however, the labeled analogue 
was chromatographed under these conditions about IO % of the radioactivity was 
found in the phenylalanine area. When the PFP band from such a chromatogram was 
eluted and re-chromatographed in the same solvent, radioactivity in the phenyl- 
alanine area again amounted to about IO % of that  in the PFP  region. Similar data  
were obtained using [3H]PFP which had been subjected to "acid hydrolysis". I t  was 
concluded that  the appearance of radioactivity in phenylalanine area was due to 
"tailing" of PFP. 

* Exposu re  of the  O F P  to t r i t i u m  gas was k i n d l y  carr ied  out  by  Dr. K. E. WILZBACH. P F P  was  
t r i t i a t e d  b y  the  New Eng la nd  Nuclear  Company.  
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I~cubatio,;z of tiss~te am7 isolation of proteiT~s 

Minced hen's ovJ&~ct was incubated for 4 h r.t 37 ° in fire1;<; bicarbon~.tc ~ b, f fcr  
containing [[aH]PFP or OFP, fol]owing which the tissue was homogenized ]]7 ]t!~, 
incubation medium. U'l~e homogenatc was centrifuged for 20 ~;qJn i~s "a. S~ rval aug]e- 
head cemtrifuge at 4":". The sedJmented material was washed twJc~ wi!:j? co]<7. 5 ~'(; 'J-C:~., 
once with 5 % TCA ,~i: 9 °0 for 15 mi~, twice with ethanol--ether (~.:: ~), a.]-;d i:'.'.qcc v.: t}.. 
ether. This materia] is referred to as l}~ixc'<] tissue protein. 

The snpern~zta.p.t ~ractJon of the })omogenate was made 40 !{, s~turo.tc~d v,..'~t}~ 
ammonium sulfate (pH 5.o) and t]~e proteh~ 'whic}! p rec ip i : aud  was ]:c~,o~-d, 
Ovalbumin was crys!:aY]ized from thc~ remaining s.o]utJon by  ~-ciiu~ifiig t}~- pH to 4,5 
and adding anlmoniun~ ~,ulfalo io approx. 45 % sa.tlJratJoTJ, i t  ,va~ :rccLystal]ized !.o 
constant specific radioactivity. ()valbumin prepared in this wav L,:tm, fo.u diff<rer'c 
incubation flasks (two co1:it.aJnJn{ [3J'lC] phenyta]anine and two co]~.ta}uing ]°H'OF]~), 
when subjected to e](c;trophoresis (sodium phosphate buffer, pH 6S; io:,-/c t~:e~:tft] b 
o.z) showed the two  cl~aracteristic ovaibumin pea],:s, J\~ and Ae, be: no otY,:r::. 

Lysozyme was t]~e]~..~7ecovered f~:o~p, the supernatant  fractio~ r(:;?]ail]iJl~!7 a~ g~-(?] i:]tc 
first crystallization of o,,mlbumin as d~scnssed above. Carrier 7ysozy:..me v,,~ added (:c: 
the supernatant fraction, which was then dialyzed to remove as?~o~ium '<:lfate ~nd 
]yophJlized. The lyophJlJzed material was disso},ed in wate~: a;~d [?:,sozjme ;',.:~s 
crystallized from it: t)5," adjusting 1:he pH to 9.5 and adding Na.C1 i:o a lij~r_,.l c,.;~ce~.;t?:;> 
t ion of 5 %. The crystaiiine lysoz.yJ~e was chromatographed oJt. ~Y,)(', .. ,~.-,~c~ ;~ceo:::dinsZ~ ,~,.,~ 
the method of OoxcaLv?~s el, aZ. s. In some experJn~enl:~" the lyol)]nitiz~:d n:al:c~%q ',va~, 
taken np in buffer and was chrom.atographed on a colmm~ of IRC-5o a, itl~o~t further: 
prel iminary purification. The material J~ the ]ysozyn~,e peak was dialyz~:d and the 
enzyme was crystallized. The enzymic specific act ivi ty of ]ysoz?;me isolated by  thence 
techniques was assayed with Mic~'oeoccus lysodeik/,ic~ts ~ and was ide~uJca] ,..', ith tha t  of 
the crystalline lysozyme used ar~ carrier. Because of the use of cax~ier enzy:n::,e ar, d 
because of the re]ative]y iimited incorporation rates observed i~: ~_~is s],,ste;~.;; only ~ 
minute  fraction of the recovered iysozyme molecules co~tained analogue. Cons~ q~en~)y 
i t  is not possible to determine whether or not those me]conies containin C ar, aloguc 
retained full enzymic ;,>ctivity. 

Degradat7o~ of ljsoz3m~c ~nd owZb~mi~z 

Proteins were hydrolyzed for z8 h in 6 N hydro(;h]oric add  i~ a.~, autoclave at 
15 lb. pressure_ The hydro]ysate,  after removal of most  of the acid, was placed o~ a 
column of Dowex 5e-H" and the amino acids were eluted with 2 :~r ammonium 
hydroxide. P F P  and OFP were separated from this eNnent  by cl~.ro~mtograph.y o~ 
W h a t m a n  No. 3 paper using Solvent I. 

Oxidized ovalbun~il~ was prepared by  dissolving 3o mg of 5 times crystal}ized 
ovalbnmin, which had been dialyzed and lyophilJzed, in o.8 rnl SS 'G formic acYd, 
0.2 ml 3o % H~O~ was added and the solution was allowed to staP, d for ~--5 h. After 
dilution with 5 ml of water and concentrat ion i~. vac~.~o the oxidiz~::d ova]bun-fin was 
recovered by  precipitation with acetone, washed with acetone ;~.~-~d dried. I t  "was 
digested with o.5 mg chymotrypsin  at pH  7-5 for z8 h at room temperature,  t.ysozyrne, 
denatured by hea.ting at :~o5 ° for  s_ h,  was digested similarly with ehymotrypsin .  Tl~e 
aromatic  pel?tides 77rorn the digest of lysozyme were adsorbed o:i~ act ivated charcoal 
and eluted with a mixLure of acetic acid and ethyl a.cetate ~°. 

7?iochim. 17ic)lbl~ys..{oia 40 090<~) 23o-230 
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Io mg of 5 times crystallized ovalbumin were dissolved in 0.2 ml 50 % sodium 
bicarbonate solution and, after the addition of o. 4 ml of IO % (w/v) solution of 
fluorodinitrobenzene, the mixture was shaken for 2 h at room temperature. The 
dinitrophenyl-derivative of ovalbumin, which precipitated during the course of the 
reaction, was washed 3 times with water, 3 times with ethanol and 3 times with ether. 
After acid hydrolysis of this material and extraction with ether, the free amino acids 
were recovered by elution with 2 N NH4OH from a column of Dowex 5o. 

High voltage electrophoresis on paper was employed for the separation of peptides 
in some experiments, using an apparatus of the type described by MICHL ix with 
pyridine-acetate buffer, pH 3.7. 

Assay of 14C and aH radioactivity 

Samples of dry protein or amino acid containing either 14C or 3H were dissolved 
in I M hyamine (p-di-isobutylcresoxymethoxyethyldimethylbenzyl ammonium 
hydroxide, Rohm and Haas Co., Philadelphia, Pennsylvania) in methanol in 5 dram 
glass vials, following which 15 ml of a solution of diphenyloxazole in toluene (6 g/l) 
was added. Radioactivity was assayed in a Tri-Carb Liquid Scintillation Spectrometer, 
using appropriate voltage and window settings for each isotope. Corrections were made 
for quenching by the use of an internal standard. Details of these procedures have been 
previously described 12. 

RESULTS AND DISCUSSION 

As shown in Tables I and II ,  both OFP and PFP appear to be incorporated into 
crystalline ovalbumin and into the mixed tissue protein fraction. With two of the OFP 
experiments parallel experiments were carried out using a portion of the same oviduct 
incubated with 5 mg [3A4C]phenylalanine. The relative incorporation into ovalbumin 
and into the mixed tissue protein was the same for phenylalanine and for the analogue 
in these two experiments (Table I). These results suggest that  the mechanism for 
ovalbumin synthesis is neither more nor less selective against the analogue than are 
the systems for production of the bulk of the oviduct proteins. They do not, of course, 
exclude the possibility that  individual proteins are synthesized which contain rela- 
tively greater or lesser amounts of fluorophenylalanine than are incorporated into 
the ovalbumin. 

In all of these studies the ovalbumin was recrystallized until the specific radio- 
activity was constant. For example, in the case of one sample of ovalbumin isolated 

T A B L E  I 

INCORPORATION OF a H - O F P  INTO OVIDUCT PROTEINS 

Protein s~ecific activity 
Expt. Protein/faction (counts/minimg) 

3H-OFP 14C-phenylalanine 

O - i  O v a l b u m i n  i i i 15 ,739  
M i x e d  t i s s u e  p r o t e i n  lO 4 15 ,512  

O-2  O v a l b u m i n  48 3 ,328  
M i x e d  t i s s u e  p r o t e i n  155 12 ,265  
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T A  13LI~ I I  

I N C O R P O R A T I O N  O F  3 ] x r - I ) F P  I N T O  O V I D U C ' r  P R O T E I N S  

Co~we~fr~*tion [~c~zba~io~ P ~ e i I ~  ,~pccific 
E : zpL  o / P F P  ~ime adi~.'ifv 

l°-I ( ) v a l b u  mii:~ I .~ 4 40(> 
M i x e d  pi-ol.ein 8o.3 

P-~  O v a l b u m i ~  e ,o  3 54.4 
M i x e d  p r o t e i n  SSO 

after incubation of minced oviduct with tritiated PEP specific radioactivities measured 
after the third, fourth and fifth recrystallizations were, respectively, 448, 399 and 4~3 
counts/min/mg. 

I t  has been reported that  under certain conditions amino acid adenylates can be 
non-enzymically incorporated into protein ~a,~< This appears to be due to acylation 
of free amino groups on the protein by  the activated amino acid. In order to rule out 
incorporation by such a mechanism in the present studies a sample of ovalbumin from 
experiment P-I  was treated with fluorodinitrobenzene. After acid hydrolysis and 
removal of the dinJtrophenyl-amino acids essentially alI of the original radioactivity 
was recovered in the free amino acid fraction, indicating that  PFP was Jn~orpora.ted 
into the fabric of the ovalbumin molecules in a manner such that  it was not free to 
react with fluorodinitrobenzene, hr order to show that  the incorporated analogue was 
distributed throughout the protein molecule, another sample of Ibis ovatbumin 
preparation was oxidized and digested with chymotrypsin. The digest was subjeeted 
to chromatography on paper using a solvent mixture of ¢~,-butanol-acetic ;~cid-water 
(4:~:I) and a series of arbitrary baud< numbered I to Io from th< orJgi~q to the 
solvent front, was eluted. As shown in Table I I I ,  radioactivity was prese~lt in varying 
amounts in several areas, indicating the presence of the analogue in a number of 
peptide fragments. 

T A B L E  I I i  

D I S T R I B U T I O N  G I  g 3I-~ I N  P ~ 2 P T I D E S  P R O D U C ] { I )  B Y  ( ; H Y M O T R Y P T I C  DYG]£5;T]O? ~ 

O F  O V A L B U M I N  A N D  O F  L Y S O Z Y M E  

o v a g b u m i n  P - z  L 3 s o a y m e  0-,~ 

Ckro~ alo~ " a ~ h c  " 2 ~ . . .  E i e c l ' o p / o ~ l i c  . . . . .  
5a*~,2' " ~ coven f s ,mut  • .>.lo. l~and counls'mzn, ± o . ~ J ,  

"e3 ~ 5.z 
e. i 8  - _ 5 . 0  
3 io_6 - :  6. 4 
4 3 ° J= 5 .0 
5 47 ~ 5.7 
6 39 -L 5.5 
7 63 }~ 6 .0  
8 34 ~ 5 .2 
9 7 ° _~ 6 n  

l o  44 .~ 5.4 

C ~5-7 ± z,77 
D 4o .J  ~ 1.99 
F" 50.  7 = 1.82 
G 5-7 == z ,68 
H 7.6 - -  J .7O 
] 36~- ± 3.85 

* S .D .  = S t a n d a r d  d e v i a t i o n .  
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In order to demonstrate that  the tri t ium contained in ovalbumin actually repre- 
sented incorporated analogue, a sample from Expt.  P-I  (Table II) was hydrolyzed in 
6 N HC1 and the amino acid mixture was chromatographed on paper. The PFP band 
accounted for the major fraction of the radioactivity of the protein. In similar fashion 
samples of ovalbumin from Expts. o - I  and o-2 (Table I) were hydrolyzed and OFP 
was isolated by chromatography on Dowex 5o. Tritium in this fraction accounted for 
8o % of the radioactivity found in the original ovalbumin samples. These studies 
indicate that  very little, if any, defluoridation occurred during incubation of the 
labeled analogues with oviduct mince. This is consonant with the results of MUNIER 
AND COHE~ 4 who found, using E. coli grown in the presence of I~C-PFP, no evidence 
of conversion of PFP to phenylalanine. ARMSTRONG AND LEWIS 15 reported the urinary 
excretion of inorganic fluoride in rats fed PFP,  but the fluoride may have been 
derived, not directly from the PFP molecule, but from some previously partially 
degraded product of the amino acid analogue. 

Both OFP and PFP were also incorporated into lysozyme by the minced oviduct. 
A sample of crystalline, chromatographically pure tysozyme from P-I  was hydrolyzed 
with acid. That  the protein radioactivity represented PFP was shown by paper 
chromatography of an acid hydrolysate using Solvent I. Approximately 8o % of the 
incorporated radioactivity was found in the PFP band. 

Lysozyme from Expt.  o - i  was denatured and digested with chymotrypsin. From 
a fraction containing aromatic peptides prepared by adsolption on charcoal, eleven 
ninhydrin staining bands designated A through K (anode to cathode) were separated 
by  high voltage electrophoresis on paper. In six ot these peptides phenylalanine could 
be identified chromatographically after acid hydrolysis. Since lysozyme contains 
only three residues of phenylalanine per mole of protein, it is clear that, either the 
.digestion was incomplete or that  there was hydrolysis of bonds involving non-aromatic 
residues. The OFP-phenylalanine area was eluted and, in all 6 peptides, was found 
to contain radioactivity, but the amounts varied widely (Table I I I ) .  Since the yields 
of the different peptides may also have varied widely; this observation cannot be 
interpreted as a result of non-uniformity of labeling. 

OFP and PFP have been shown to be incorporated into proteins which are 
indistinguishable, by the methods employed, from normal ovalbumin or lysozyme. 
I t  has been established that  tritium present in these proteins is entirely or almost 
entirely representative of analogue, and that  PFP is incorporated into ovalbumin 
in such a manner that  it is not free to react with fluorodinitrobenzene. Enzymic 
digestion of lysozyme and of ovalbumin produced several fragments from each protein 
that  contained radioactivity. The demonstration that  an amino acid analogue can 
be incorporated into what are otherwise apparently normal ovalbumin and lysozyme 
molecules indicates that  the introduction of an unnatural amino acid into a protein 
molecule during the process of synthesis does not necessarily prevent completion of 
that  molecule. Several years ago BLACK AND I{LEIBER 16 isolated !14C~norleucine Irom 
milk casein after feeding the analogue to cows. This was the first demonstration of 
the incorporation of an unnatural amino acid into a single purified protein, although 
proof of incorporation into the peptide chain was not presented. Recently E14C~PFP 
has been found in several crystalline enzymes isolated from the muscle of a rabbit 
fed this amino acid~L A methionine requiring mutant  of B. subtilis growing in the 
presence of ethionine produces enzymically active a-amylase in which one-third of 

]3iochim. Biophys. Acta, 4 ° (196o) 2 3 0 - 2 3 6  
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t he  m e t h i o n i n e  is rep]aced by  e tb ion ine  ~s. This  is the  mos t  extensJ '  e rcp]ac<wneut of 

an a m i n o  ac id  b y  its ana logue  wl~ich ]ms been d e m o n s t r a t e d  in a sie~g]e p~re  ]-)roicii?, 
a l t h o u g h  in t he  case of bac te r ia l  auxo t roph ]c  m u t a n t s  g rowing  o~ ~ ;  ;maloc:ue of 

l__,a~ lhe re  is e:-{se~t]a]], com2i-,'b~ the  amino  acid t h e y  requ i re  i t  m a y  be a s sumed  -i . . . .  . . . .  1 . . . .  

r e p l a c e m e n t  of t he  amino  acid w51:]~ its ana logue  Jn d?e pro te ins  '<]~k]~ ~Ire f o r m e J <  

F r o m  all of t hesc  obse rva t i ons  i t  m a y  be  in~e:,:rcd t h a t  t]~c ?roees:~ ,.ff prote~', ~, 

b iosyn thes i s  is no t  a]-;solute]y specific. On the  o the r  ba~%, it  seems inc.l:>"b]e tba  ; ruder  

n o r m a l  e n v i r o n m e n t a ]  cond i t ions  witl~ on ly  h e n n a ]  a m i n o  acids  prese~{: :~t norm;_,] 

c o n c e n t r a t i o n s  a ce]] is p r o b a b l y  capab]e  of r epea t edJy  reproduc i  ~g ~ give:~ protc}n 

w i t h o u t  error.  Al thoug] :  t he  ])resent m e t h o d s  for dete.-Jrmh~,a~io~ cff a m b l e  e d d  

sequence  in p ro t e in  do r~ot exc lude  tl~e possibiJJty !that a small  fractJc.n of :m.'.>ieeuies:. 

differ  h~ sequence  fi:om !:lne m a j o r h y ,  t hus  far  e?irors ]la.~ e 1)eel? o )f-'.eP, ed 071]'." '<]?en 

the  c a p a c i t y  of t he  protei.,~ synt]~esizJng s y s t e m  to (]iscrSminate is ~<,'cre]y chai]eugec!, 

as i t  ~s m ana]ogue Stl.]dies. For  exa.mple, PFP, ,:,hic]? has been sl~o~:n t-,v ?dr:>:TEX an.:,' 
Com~x 4, to rep lace  lJ~en;,qalanine in t]:,'; p ro te ins  o:f 1~. coL;:, Js s t ruc t  ur ;J]y  m o - e  ~ilni]ai: 

to pheny la lanh~e  than  Js pheny ]a l an ine  to  ty ros \he ,  i ts c]osest  re!e, t Jv:  5~ th<' f a m i l y  o~ 

n a t u r a l l y  occm:rJng a.mi~,:o acids. T h e  a t o m i c  d i a m e t e r s  of t he  ]'ydr<;g<:~ a~:<! 7]~,,)ride 

subs t J tuen t s  are  ve]:v si11-~Jia17 (H, e. 4 a ,~, 17, e. 7 e\.) whi le  t he  ]]x. drox~q arrnm is ccr> 

s lde rab ly  la rger  (a.ppro>~. 5 ~) .  Because  a m i n o  acid ang, logues  cap. 'm ir~eorporai:cd Jnt{; 

p ro te ins  i t  does no t  necessar i ly  foI]ow t h a t  p ro te in  syn thes i s  lack< <i;ec:ifk:{1:)~ ur~dcr 

normal  envJronmentaJ condit ions >. On the other hand Jt 1)econ-<s J~tL)oi:iant ~o 

recognize  t h a t  the  ques t ion  of specif~,city m u s t  bc posed  in a qum~ti1~:.t:h c ~;~tl e~ lh,~m 

a q u a l i t a t i v e  sense. 
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