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Specific degenerate codons in the amino-terminal 
region of a synthetic human parathyroid hormone 
(PTH) gene exerted dramatic effects on both products 
and yield of expression of this  84-amino acid polypep- 
tide in Escherichia coli. With adenine-rich degenerate 
codons constituting the PTH-( 1-5) region, intact PTH 
has been expressed as the only PTH  product at 6.5 mg/ 
liter. In contrast, with guanine-rich degenerate co- 
dons, the predominent  product was analogue PTH-(8- 
84). Use of cytosine- or thymine-rich degenerate co- 
dons generated only a small amount  of immunoreactive 
product (0.2 mg/l). 

With the amino terminal region reconstituted with 
adenine-rich degenerate codons, the mid and carboxyl 
regions of the synthetic gene were  also reconstructed 
to imitate the E. coli-favored codon degeneracy. 
Expression yielded the intact PTH at 20 mg/liter. Gel 
electrophoresis and  Western blots, with antibodies spe- 
cific to the amino or carboxyl terminus of PTH, indi- 
cated only a single PTH-related polypeptide, with the 
same mobility as a synthetic intact PTH sample. Amino 
acid sequencing, composition analysis, mass spectrom- 
etry, and the adenylate cyclase bioassays confirmed 
the purified product as the processed intact PTH. 

Human  parathyroid  hormone, a  polypeptide of 84-amino 
acid  residues (Hendy et al., 1981), is a  major  regulator of 
serum calcium. Synthetic  fragments  have  demonstrated  char- 
acteristic effects in bone  metabolism  (Reeve et al., 1980) that 
may potentially be useful in  the  treatment of some  bone 
disorders.  Various attempts  to produce the  intact polypeptide 
via  expression of the  prepro-PTH’  cDNA have  been reported. 
However, the  prepro-PTH sequence was unable  to  facilitate 
secretion  and processing of PTH in  yeast  (Born et al.; 1987a) 
and Escherichia coli (Born et al., 1987b). Substitution  with a 
bacterial leader  sequence yielded a secreted  immunoreactive 
mixture (1 mg/liter) of intact  PTH  and  fragments  (Hogset et 
al., 1990). Direct expression of the  PTH cDNA  (minus  the 
prepro sequence) intracellularly  generated  immunoreactiove 
PTH  a t  0.2 mg/liter  in E. coli (Breyel et al., 1984). I t  was 
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postulated  that  the low yield was due to  instability of both 
PTH  and  its  mRNA (Morelle et al., 1988). 

In  our  laboratory, a synthetic PTH gene was assembled and 
directly  expressed in E. coli to yield immunoreactive PTH at 
0.2 mg/liter  (Rabbani et al., 1988). Analysis of this  mixture 
revealed fragment  PTH-(8-84), Met-PTH  and  intact  PTH. 
Recently the  synthetic gene has been  redesigned  with specific 
degenerate codons, resulting  in  dramatically improved effi- 
ciency of expression  (20 mg/liter)  and selective  production of 
intact  PTH or fragment  PTH-(8-84).  Intact PTH was iso- 
lated,  characterized,  and assayed for bioactivity. 

DISCUSSION* 

An  efficient  expression system for human  PTH  has been 
developed, through (i)  the usage of adenine-rich  degenerate 
codons  in the  amino-terminal  domain,  (ii)  adaptation of the 
“E. coli-like” codon  degeneracy  in the  mid/carboxyl-terminal 
domains,  and (iii)  selection of an  appropriate expression  host. 
The choice of degenerate codons or the specific  nucleotide 
composition of the  amino-terminal coding  sequence exerts a 
strong influence in  both  the efficiency of expression and  the 
expressed product (or analogue). 

Other  studies have  previously demonstrated  that expression 
of some genes can  be improved by elimination (or weakening) 
of secondary  structure of mRNA  (Hall et al., 1982).  In  the 
PTH mRNA of our  plasmids  pPTH-CC  and  pPTH-TT 
(Table I), indeed hairpin  structure  can  potentially be formed 
between the A,G-rich  ribosome-binding site  and  the  amino- 
terminal region with respective AG values of -7.0 and -9.6 
kcal (Tinoco et al., 1973), to  interrupt  the  translation process. 
The A-rich degenerate codons  in the  PTH-(1-5) region of 
plasmid pPTH-AA  (Table l), might have  weakened such 
secondary  structure (AG = -3.2 kcal)  and consequently im- 
proved PTH expression. However, such mechanism is inade- 
quate  to  explain  the poor  expression by plasmid pPTH-84c 
(Table l), which has  an identically  weakened  secondary struc- 
ture  in  the  PTH  mRNA (AG = -3.4 kcal).  The efficient PTH 
production by the  plasmids  pPTH-AA  and  pPTH-AA-Eco 
(Tables 1 and 2)  also contradicts  earlier conclusions that 
tandem  repeats of rare  degenerate codons (Varenne  and Laz- 
dunski, 1986) and  their proximity to  the  initiation codon 
would dramatically reduce the maximal level of protein  syn- 
thesis  (Chen  and Inouye, 1990).  Clustered at   the  PTH amino- 
terminal region of both  plasmids,  the five codons  TCA-1, 
GTA-2,  TCA-3, ATA-5, and  TTA-7  are  rare degenerate co- 
dons  in E. coli (Chen et al., 1982). 

* Portions of this  paper  (including  “Experimental  Procedures,” 
“Results,” Figs. 1-7, Tables 1-3) are  presented  in  miniprint at the 
end of this paper. Miniprint is easily read  with  the  aid of a standard 
magnifying glass. Full size photocopies are included in  the microfilm 
edition of the  Journal  that  is available from Waverly Press. 
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Comparison of the plasmids pPTH-AA, pPTH-CompB, 
pPTH-AA-Eco, pPTH-CompE-Eco,  pPTH-GG,  and pPTH- 
GG-Eco with the other plasmids much less efficient in PTH 
expression (Tables 1 and 2), indicates that  the efficiency of 
PTH expression instead might be determined by the nucleo- 
tide (adenine, and likely to  a small extent, guanine) compo- 
sition of the amino-terminal coding sequence. 

Selection of degenerate codons in PTH gene  design also 
influenced the products of expression. Though designed to 
produce intact  PTH, plasmids pPTH-GG  and pPTH-GG-Eco 
selectively generated the  short fragment PTH-(8-84), with 
the intact PTH only as  a minor product. Although this  short 
analogue could  conceivably be derived from intact PTH 
through (unknown) specific proteolysis, the mere difference 
of four silent  point  mutations between plasmids pPTH-GG- 
Eco and pPTH-AA-Eco supported a previously proposed hy- 
pothesis of internal  initiation of translation  (Born et al., 
198713). In plasmid pPTH-GG-Eco, the codons 3, 4, and 5, 
TCG-GAG-ATA can potentially constitute  a  strong ribosome- 
binding site (underlined) to initiate  a competing translation 
from ATG-8 to yield PTH-(8-84). In  another plasmid pPTH- 
84c, with a potentially weaker ribosome-binding site (TCT- 
GAG-ATC) in the same region, a 2:l mixture of PTH and 
PTH-(8-84) was produced (Rabbani et al., 1988). This hy- 
pothesis is also consistent with the exclusive production of 
intact PTH by both plasmids pPTH-AA  and pPTH-AA-Eco, 
which possess no similar internal ribosome-binding site. How- 
ever, the precise mechanism remains to be confirmed. 

As for the production of the  intact  PTH,  the residue SerI 
adjacent to M e t ,  has  a small radius of gyration essential for 
the efficient removal of fMet residue from the nascent poly- 
peptide (Sherman et al., 1985). 

The present approach of direct expression of a  synthetic 
gene has successfully  yielded  biologically active, intact  PTH. 
The extraction  and purification procedures would efficiently 
generate adequate amounts for future studies. 
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EXPERIUENTAL  PROCEDURES direct  Control  Of  the lac promotor-. In this way. plasmids  pPTH-AA.  pPTH-CC, 
PPTH-CC,  and pPTH-'IT, enriched  with a specific  nucleotide  (A, C, C. and T. 
respectively) in their  PTH-(1-5)  regions. Were Constructed. The  efficiencies 
Of expression  Of  the E. coli 3M103 transformants  possessing  these  plasmids. 
upon  induction by IPTG, Were compared  (Table 1). 

Bethesda  Reaearch  Laboratories. P i a m i d  pPTH-iI has pre;iously been  prepared 
via  insertion of a synthetic  PTH  gene  between  the EcoRI and  Hlnd 111 sites  af 
plasmid  pUC8  (Sung  et al.,1986a). The  two-site  Allegro  Intact FTH RIA  kit was 
from Nichols  Institute  Diagnostics (Sam Juan Capistrano,  CA).  Synthetic  human 

Construction 01 ~rpression Pia*mids.  Plasmids PPTH-AA, PPTH-CG, PPTH-CC. 
pPTH-TT.  PPTH-CODPB.  pPTH-WA,  pPTH-WxA  and pFTH-M  (Table 1) Were all  prepared 
in the same manner. construction  Of  plasmid  pFTH-AA  is  described as an example 
(Figure 1). Oligonucleotides  COL-1,  PlAA,  P28, PI. P6, P78. and  PBAA Were 
phosphorylated  and  ligated  to  the  EcoRI/PstI-  linearized  plasmid  pPTH-84  via a 
well-established  ProtoCOl (Rabbaini et a l . ,  1988). After  transformation  Of E. 
coli 3Ml03. 1 4 8   o f   t h e   t r m s f o m m t s  were identified  to  possess  plasmid  pPTH- 
AA by DNA  hybridization  and  nucleotide  sequencing. 

the  published  procedure (Sung et al., 1986a). It involved  ligation  Of  the 
phosphorylated  oligonucleotides P103b. P104,  P105, P106, P201,  P202,  P203  and 
P204a  with  the  PstI/HindIII-lineacized  plasmid  pFTH-AA  (Figure  2). 

insert.  which vas previously  isolated  from  P~tI/nindIII-linearired  plasmid 
Plasmid  pPTH-(29-84)-Eco vas prepared  via  ligation  Of  the  PTH-(29-84) 

pPTH-As-Eco,  with  plasmid  puce  cut  at  the = m e  sites.  Substitution  Of  the same 

pPTH-WA-Eco. and  PPTH-M-ECO  (Table 2). 
insert  in  plasmids  pPTH-GG,  pPTH-WA  and pPTH-M  yielded  plasmids pFTH-CG-Eca. 

oligonucleotides  with  the  ECORI/PStI-cut  plasmid  pPTH-(29-84)-Pc0, as in  the 
2) were prepared v i a  ligation  and  recombination  Of  appropriate 

COnstrUCtion  Of  plasmid  pFTH-AA. 

Elproemion in E. C o l i .  One liter  Of  2YT + I %  CA  medium  (169  Bacto-tryptone. 
log Bacto-yeast  extract, log NaC'1, and log Casarnino acid  in  1  liter) 
containing  ampicillin ( l o o  mg/l) was innaculated  with a 10 nl overnight  growth 
Of E. coli  Y1091 or HBlOl  transformants  and  incubated  at 17'C with  shaking. 
Cells were harvested  by  centrifugation  after 9 h. For E. coli JM103 
transformants. I P T G  (final  concentration 0.7 m) was added  after 1.5 h Of 

Were sonicated in 1.25 !a1 Of 1% SDS. 
initial  growth. For  obtaining a whole cell lyrate. cells from 5 nl culture 

Ixtraotion ProoedUr.. Cella were sonicated (1 min,  pulsed)  at 4'C in a 
mixture  (1 R l / g )  of 1 M HC1 containing l a  ( W / v )  NaC1, and 18 (v/v) TFA 
(Rclbbani et (11.. 19881 and  centrifuged.  The cell debris was reextracted.  The 

The  protocol  for  the  construction of plasmid pPTH-AA-Eco was identical  to 

Plasmids  pFTH-A-Eco-(8-84),  pPTH-A-EC0-(18-84),  and  pFTH-CompE-Eco  (Table 

xmunoblots.  Western  blots  (Tawbin  et  a1..1979) were saturated  with 108 fetal 
calf serum, then  reacted  with  either  rabbit  anti-PTH-(l-hl Or anti-PTH-169- 
84) antibodies.  Final  development vas with  anti-rabbit IgG conjugated  to 
alkaline  phosphatase. 

mino Acid 8.queseing. FTH samples ( 5 0 0  pmole) on polwinylidene  difluoride 
membrane were analysed  via  gae-phase  sequencing as described  (natsudaira, 

Mannheim). The  resulting  peptides,  separated  by  HPLC On C18  silica  using a 1) 
19871. FTH sample was also digested  with  endoproteinase  Asp-N  (Boehrinqer 

/nin  gradient  Of  acetonitrile  in 0.1 8 TFA/vater, yere sequenced as above. 

Amino AEid Comppo.ition  )Is.lySiS. Amino  acid  composition  analyses  Of  prmtein 
and of purified  peptides were perfomed  with a DUrrYm 0-500 Analyzer.  Samples 
l100,uq) were hydrolyzed i n  vacuo at  llo*C  in  6  N  HC1  for  24, 48 and  72  h  and 

determined  following  hydrolysis  in 4 N methane  nulphonic  acid  containing 0.2% 
the  data  extrapolated  to 0 h to  COrreCt for hydrolytic losses. Tryptophan vas 

3-(2-aninaethyl)indole at IlO'C for  20 h  in vacuo (Simpson  et a l . .  19761.  The 
combined  cystine  and  cysteine  content was determined  after  oxidation  to 
Cysteic  acid  (Hirs. 1976) and  hydrolysis  in  6  N  HC1  at 110'C for 24 h. 

Mass sp.ctrom.try. IonSpray mass BpeCtra of the  purified  recombinant PTH-(l- 
84) was obtained  by  the  API Ill K/MS System  with an ionspray  interface 
(SCIEX,  Rississauga. ONT), 

Bioaa*aps. Adenylate  cyclase assays Of  recombinant  FTH-(1-84) were performed 
I n  vitro  in  cloned  rat  OSteOSarEoma cells (W 106) as described  previously 

hPTH-(l-34). 
IRabbani st al.,l988). The  Standards  Used were synthetic  hPTH-11-84)  and 

RESULTS 

Effect Of aiff.r.rt  uino-t.rmin.1  n.uel.otid. s.qucns.. on th. sxp....ion Of 
PTH. A series  of  Synthetic FTH genes were designed  to POES~LS maximum  numbers 
of  adenineiA).  cytoeine(C),  guanine(G1. or thymine(T1  in the  first  five  codons 
at the  amino-terninus, as permitted by codon  degeneracy,  without  mutating  the 
polypeptide sequence. Precurser  plasmid PFTH-84, possesring a synthetic PTH 
gene constituted  with  yeast-favored  codons (Sung st *I. l986a) was 
linearized  at  the ECORI and  Pstl  sites  for  the  deletion'of  its  bTH-11-28] 

were  ligated  With  the  PstI  end  of  the plasmid (Figure 1). Through an 
region.  Oligonucleotides  constituting the new pIln-(1-28) nucleotide  sequence 

intramolecular  recombination,  the crossover linker of the  oligonucleotides 
recombined  with  the lac ribosome-hinding  site  upstream  for  the  circularization 
of  the  plasmid (suns st al., 2986b). The  reconstructed FTH gene was under  the 

Tabla 1. Expression  of  PTH genes possessing  different  amino-terminal 
nucleotide sequences in E. coli  strain 511103. 

PTH gene 
-containing 1 2 1 4 5  
plasmids P T H a  mg/l Ser Val Ser G 1 U  lie 

PPTH-Ah 3.9 TCA  CTA  TCA CAA ATA 

N-terminal  coding  sequencesb 

pPTH-TT 
PPTH-COmpB 
pPTH-hA 
pPTH-84Cq 

3.1 

0 15e 
3.5 

0.25e 
1.1 

IO? 

0.3e 
0.19h 

c c c  c 
C G G G  
T T T  T . ~ .  

ACT  T  ACT  T 
T C ACT 
C T T G C  

a Estimated  by  the  Allegro RIA. 
Nucleotide sequence encoding  the FTH-(1-5) region  of  pFTH-AA  is  presented. 
For Other  plasmids.  only  nucleotides  different  from  pPTH-AA are presented 
in this  Table.  Codon  differences  in  other  regions are Stated  individually. 
GTA-21  and ' ITA-24 .  
AM-1;.~26,  27,-TTA-15. 21,  TCA-17  and  GTA-21. 

e Nature  of  the  immunoreactive  PTH  not  determined. 
Mixture of PTH-(1-81) and  PTH-18-84), See Fig. 4 

9 Previously  synthesized  (Rabbani  et a t . .  1 9 8 8 ) .  
Mixture  of FCH and  PTH-(8-84) in ratio  Of 2:l. 

Radioimmunoassay  indicated  that  the  transformant 3I103:DPTH-AA produced 
PTH  at 1.9 aq/l cu1t;re. El 20-fold  increase a9 compared  to 0:2 m q / l  by the 
previously  Constructed  vector  pPTH-84C  (Rabbani  et 41..1988) (Table 1). 

mg/l. Incidentally,  the  degenerate  codons for the FTn-(1-5) region  of  the 
Transformants  with  plasmid  pPTH-CC or pFrH-TT  gave  only low yields  Of 0.2 

plasmid  pPTH-TT are generally  considered as '' E. coli-favored" (Chen  et dl.. 

Containing  serine  codon  AGT  yielded  plasmid  pPTH-CmpB,  and  the PTH production 
1982).  Substitution  of  the Ser-1 and  I  Codons  TCI  with  the  other  adenine- 

was increased  by  4-fold  (Table 1) .  

a mixture  of  PTH-18-841  and PTH-11-841 with  the  short DndlomYe as the maior 
PTH  at an even higher  yield (10 aq/l. Table 1). which was later  identified as 

Unexpectedly,  transformant  with  plasmid pPTH-GC produced  immunoreactive 

the PTH-(1-5) region  identical  to  those  in  the  human  CDNA  (Hendy et al., 

uncharacterired, at a yield of 0.3 m q / l  (Table 1). comparable  to  the 
1981). Expression  of  this  plasmid  qenerated  immunoreactive PTH. 

efficiency of plasmids  inserted  With  the  human  PTH  =DNA ( Breyel et *I., 
1984). 

For a comparative  study,  plasmid  pPTH-hA was designed  with  it5  codons  in 

Since  the utilization of A-rich  degenerate  codons at the PTH-11-51 reqion 
Of plasmid pPTH-AA had  dramatically  improved  the  expression.  two  plasmlds 
pPTli-uA and  pPTH-uxA were constrvcted  with more A-rich  degenerate  codons 
further  downstream. However. both  plasmids  could  not generate more PTH than 
pPTH-AA  durinq  expression  (Table 1). 

eff-ct of E. coli-favored cadon degeneracy i n  the mid and Carboxyl-terminal 

Hind111 sites  for  the removal of its  PTH-(29-84)  sequence.  This  region was 
regions on expression of PTH. Plasmid pPTH-AA vas linearized  at  the  Pstl  and 

then  reconstituted, v ~ t h  degenerate  codons  used in a frequency  supposed  to be 

JH103:pPTH-AA-ECO  demonstrated a moderate  increase in the  efficiency of 
favored by E .  coli (Flgure  2)(Chen et 111.,19821. The new transfomdnt 

expression  (7 mq/l). The new plasmid pPTH-A!-ECO was recovered  to  transform 
other bacterial 5traIns. E. coli  host HBlOl demonstrated  the same efficiency 
of PTH expression a s  ~n Jnlol, but the I o n  strain Y1091 transformant  improved 
the  yield  to  20 mg/l (Table 2),.ain increase  Of  100-fold a s  Compared  to  the 
previously  published  results  (Breyel et al.. 1984: Uoeelle et el., 1988: 
Rabbani e t  al., 1988). In addition,  PTH  production in strain  Y1091  did  not 
require  induction by IPTG. The  expressed  product was eventually  identified as 
intact  PTH  (described  belor).  A  prolonged  growth  period  (16  h)  signlficantly 

stronq  bioactivity  in a SDS whole cell lysate  of  this I o n  transformant 
reduced  the  yield  of PTH. Preliminary  adenylate  cyclase  bioassay  indicated 

(Rabbani et a!., 19881.  while  the  lysate  of a control  transformant 
LY1091:pUC8)  failed to  stimulate  the  formation  of  CAMP.  Expression  of  PTH by 

host.  All  subsequent  expression studies yere conducted in Strain  Y1091. 
plasmid  pPTH-AA was a l s o  improved ( 6 . 5  mq/l) with  the use of this bacterial 

Coding sequence on expression. the new insert vas recovered  through 

used in the  substitution  Of  the  existing  sequences  io  other  plasmids.  Plasmid 
linearization  at  the PstI and  Hind111  sites Of plasmid  pPTH-AA-ECO,  and was 

PPTH-wA-ECo,  derived from pPTH-WA.  expressed  PTH-(1-841  at 15 mq/l (Table 21. 
Plasmid  pPTH-hA-ECO.  with  the new insert, didn't produce more inmunoactive  PTH 
than  it5  precursor  plasmid  pPTH-hA  (Table  2).  Plasmid  PPTH-GG-ECO,  prepared 

described  below.  the PTH products were established  to  be PTH-(l-BI) and  PTH- 
from pPTH-CC,  yielded  irnnvnoreacr~ve PTH at  25 mg/l (Table 2). Upon  analysis 

(8-84). with  the  short analoa amountina  to 80-90') of  the  immunoreactive 

For further  studies  of  the  effect  Of  thls "E. c ~ l i - l i k e ~ ~  PTH-(29-84) 

mirt,,rrr 

positions t8 and t18. and its  effect on expression vas investigated.  Initially 
The " E .  coli-like" codon  degeneracy was then  extended  further  upstream  to 

a Precurser plasmid  PFTH-l29-84)-EcO was constructed  via  ligation  Of  the "E. 
coii-like"  PTH-(29-84)  insert  with  the  identically  linearized  plasmid pUC8. 
The  resultant  plasmid  pPTH-(29-841-E~0 was Cut  at EcoRI and  PdtI  sites for the 
subsequent  Construction  of  two  plasmids  pFTH-A-Eco(l8-04)  and  PITH-A-Eca(B-84) 
via the cro86~ver linker  approach  already  described  in  the  synthesis  of  pFTH- 
PA. Expression  Of  transformants  With  both  plasmids  yielded PTH-(1-841 at 7 and 
I4 mall. re6DectiVelY  (Table 2 1 .  

degenerate codon AGC  for S e r - 1  and 3, produced PTH-11-81) at  12 mg/l during 
-Piasnid'PFTH-Ca.pE-Eco~ ITbble 21,  with  another  adenine-containing 

expression. 
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Figure 5. Purification of recombinant F T H .  Panel A,  chromatogram Of the 
acidic cell extract DD cation  exchanger Mon S ,  with  concentration of ETH ( e )  

HPLC purification on CIS silica.  with FTH-Containinq peak (stippled) 
in collected  fractions (1 ml) estimated. Panel 8 ,  chrornatoqran of subsequent 

indicated. 
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Figure 6. Ionspray mass spectrum of purified recombinant FTH-(1-84). The m/z 
value and I the number of n' charges (in parenthesis1 of each molecular ion 
were indicated. Molecular mass Is calculated by the formula of ( n / r  x I) - z 
in four moat prominent peaks. MDlecYlar 1115 of 9 4 2 4 . 9 0 .   9 4 2 5 . 9 1 .   9 4 2 6 . 9 1  and 
9 4 2 4 . 9 2  Da Was obtained,  with an average Of 9 4 2 5 . 6 6  Da. 


