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Abstract 

Bovine chromogranin A, the  acidic  calcium-binding  protein  characteristic of endocrine  secretory  vesicles,  has 
been  expressed in Escherichia coli using the  pET3a  vector  system  under  T7  polymerase control. The  expressed 
protein is located in the  bacterial  cytosol  and  can be purified  from  bacterial  proteins by a heat  treatment  step, 
followed  by  gel filtration, anion-exchange,  and  reversed-phase  chromatography.  The  purified  recombinant  chro- 
mogranin A has an apparent M, of ca. 72,000  by sodium  dodecyl  sulfate-polyacrylamide gel electrophoresis, 
in spite of its 432-amino  acid  polypeptide  chain,  consistent  with  observations on natural chromogranin  A.  The 
primary structure has  been  confirmed  by  mass spectral  analysis  of  tryptic  peptides, by Edman  degradation of 
the  intact  protein,  and by immunoreactivity  with  sequence-specific  antibodies.  Analysis by circular  dichroism 
spectroscopy  shows pH- and  concentration-dependent  spectra.  The  spectra  are  Ca2+-dependent  from 5 to 40 P.M. 
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CGA is a highly acidic  protein  (PI,  4.8)  found  in  the 
peptidergic  secretory  granules  of  most  endocrine cells 
and  many  neurons (Banks & Helle, 1965; Helle, 1966; 
Blaschko et al., 1967; Smith & Kirshner, 1967; Smith & 
Winkler, 1967; O'Connor  et  al., 1983; Winkler & Fischer- 
Colbrie, 1992). CGA is a precursor  for several  peptides 
recently  reported to  have  biological  activity:  pancrea- 
statin,  an  amidated  peptide  that  suppresses  glucose- 
stimulated insulin secretion in  pancreatic islets (Tatemoto 
et al., 1986; Eiden, 1987; Huttner & Benedum, 1987); 
chromostatin, a peptide  reported to arrest  catecholamine 
secretion from  adrenal  chromaffin cells (Galindo  et  al., 
1991, 1992); and vasostatin,  the  amino-terminal  peptide 
that  inhibits  the  contraction of venous  segments  stimu- 
lated by K+, noradrenalin,  or  endothelin  (Aardal  et  al., 

Reprint  requests to: R.H. Angeletti, Developmental Biology and Can- 
cer, Albert Einstein College of Medicine, 1300 Morris Park Avenue, 
Bronx, New York 10461. 

Abbreviations: CD, circular dichroism; CGA, chromogranin A; 
HPLC, high pressure liquid chromatography; m/z, mass-to-charge ra- 
tio; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electropho- 
resis; TIC, total ion current. 

1992), and which has  also  been  reported to  inhibit  para- 
thyroid  hormone  secretion  stimulated by low  calcium 
(Drees et al., 1991). CGA also  binds  calcium and cate- 
cholamines and self associates  in the presence of  calcium 
at high protein  concentration  (Cohn et al., 1981; Reiffen 
& Gratzl, 1986a,b; Leiser & Sherwood, 1989; Yo0 & Al- 
banesi, 1990; Videen et al., 1992). It is difficult to  obtain 
sufficient CGA of a single well-characterized molecular 
species for either  structural or functional  studies, because 
the protein is extensively proteolytically processed (Wohl- 
farter  et  al., 1988) and  occurs in  phosphorylated (Settle- 
man et  al., 1985a), glycosylated (Smith & Winkler, 1967; 
Geissler et  al., 1977; Fischer-Colbrie  et  al., 1982), and 
proteoglycan forms  (Falkensammer et al., 1985; Rosa 
et  al., 1985; Gowda et al., 1990) as well. In  order to  pur- 
sue  further studies  with  a  defined CGA polypeptide, we 
have expressed the  cDNA  for  bovine  CGA in the  pET3a 
vector system devised  by Studier (Studier & Moffat, 1986; 
Studier et al., 1990). The recombinant CGA isolated from 
the bacterial cytosol can  be  phosphorylated  and binds cal- 
cium.  The  pure  protein exhibits a pH-,  concentration-, 
and calcium-dependent CD spectra. 
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Results A B 

Solubility and apparent molecular weight mm -w- 
of recombinant CGA 

Before beginning the  purification of recombinant CGA, 
we determined that solubilization of the  proteins in the 
Escherichia coli periplasmic  space by incubation with ly- 
sozyme  did  not result in the release of CGA  immunore- 
activity. However,  sonication  of the cells resulted in the 
release of CGA in the cytosolic fraction, with no evidence I 

for  the  formation  of  an  inclusion  body.  Only  the  solu- 
ble proteins showed an immunoreactive  band of appar- s 1 2 3 4  S I 2  
ent M,  72,000, as revealed by immunoblot analysis with 
sequence-specific antibodies to many regions of CGA (see 
below). The 24,000-Da discrepancy in molecular weight 
from  the value of 48,464 predicted by the cDNA sequence C D E F 
is consistent with previous reports. Benedum et al. (1986) ,”-- ?-. 

and Iacangelo  et  al. (1986) showed that  translation of 
mRNA hybrid selected on  the CGA cDNA yielded a poly- 
peptide that migrated on SDS-PAGE as a  protein with .- - , 

M,  72,000. Therefore,  the  cause  of  this  anomalous be- 
havior  must lie solely within the  nature  of  the  primary 
structure. It is possible that  the high percentage  of  acidic 
residues in CGA,  ca.  30%,  alters  the binding of sodium 
dodecyl sulfate to the polypeptide  chain. 

b 

3 4  

G 

Purification of recombinant CGA 
1 2 1 2 1 2  

Figure shows a summary Of the purification procedure Fig. 1. Analysis of purification of recombinant CGA. Aliquots from 
as analyzed by SDS-PAGE. The gels  Shown  in Panels A different steps of the  purification procedure were separated by SDS- 
and c were stained with Coomassie Blue G250 to visual- PAGE and were  revealed using Coomassie blue, Stains-All dye, bind- 
ize all  proteins; the gels in panel B and  D were treated ing to 45Ca2+, and phosphorylation by casein kinase 11. Then, 0.2% Of 

with stains-~1l (campbell et 1983), an anionic dye each step of the  preparation was loaded in the individual lanes. A, C: 
Coomassie blue-stained gels. B, D: Stains-All-stained gels.  E: Immu- 

teins-  This  feature was Particularly  useful, since there is Arrow denotesthe position of the bovine  serum albumin standard. Lanes 
no bioassay for intact  CGA. The proteins in lanes  1  and in A, B: S, molecular weight markers  (arrow denotes the migration po- 
2  (panel B) do not exhibit a  strong  staining with the sition of bovine serum albumin); l ,  total Escherichia coli homogenate; 
Stains-All, possibly because of interference from other 2, soluble proteins; 3, heat-stablesoluble proteins; 4, Superose 12 pool. 

Lanes in C, D: 1, DEAE-pool; 2, pool from  C8 column. E: Immuno- 
proteins’ there is a ‘Iear9 strong enhancement blots of heat-stable proteins in E. coli homogenate. The sample used  was 
in the Stains-Abositive  CGA  band, corresponding to similar to that in A and B, lane 3. Lane 1 was exposed to a polyclonal 
the  protein  band  that cross-reacts with the sequence- sequence-specific antiserum to  CGAI-76. Lane 2 was exposed to a poly- 
specific CGA  antibodies. clonal sequence-specific antiserum to CGA403429. F: Autoradiogram 

The bacterial cytoso~ic proteins were processed by a of nitrocellulose transfer of pure recombinant CGA after incubation with 

heat-treatment step9 by  gel filtration On a G: Autoradiogram of CGA separated by electrophoresis after incuba- 
45Ca2+.  The sample used  was similar to that in panels C and D, lane 2. 

umn of SuPerose 12, chromatography  on  a  DEAE  ion- tion with casein kinase and 32P-ATP. The sample used  was similar to 
exchange column,  and C-8 reversed-phase HPLC.  CGA that in panels C  and D, lane 2. 
has only two cysteinyl residues, residues 17 and 38, which 
form  an  amino-terminal  disulfide  loop (Benedum et  al., 
1986,  1987; Iacangelo et al., 1986). Denatured, unreduced 
recombinant CGA did  not react with sulfhydryl-specific In  Figure lE,  the boiled bacterial cytosolic proteins 
reagents. In each  preparation  there is a  small amount of were analyzed with sequence-specific antisera to peptides 
protein in which the  disulfide  bond is not  formed.  This  corresponding to many regions of  the bovine CGA se- 
protein is easily removed from  the correct  product by the quence. Lane  1 shows the immunoreactivity to  an amino- 
final HPLC purification  step.  terminal-specific antibody  (CGA,-,d,  and  lane  2,  the 

demonstrated to have an affinity for calcium-binding pro- noblots. F: Calcium binding. G :  Phosphorylation with casein kinase 11. 
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immunoreactivity to  a carboxy-terminal-specific antibody 
(CGA403-428). Both reveal only one immunoreactive 
band, indicating a lack of appreciable proteolytic degra- 
dation, possibly aided by the boiling step. Similar  results 
were obtained using antisera to other internal sequences, 
e.g., CGA44-76, CGA251-295, and CGA316-329. No addi- 
tional immunoreactive bands are formed during purifi- 
cation. 

To demonstrate the Caz+-binding properties of CGA, 
the purified protein was subjected to SDS-PAGE and 
transferred to nitrocellulose for  the  45Ca2+ overlay pro- 
cedure. The purified recombinant CGA shows a distinct 
band of bound calcium (Fig. 1F). In  addition,  natural 
CGA is known to be phosphorylated on serine residues. 
The purified recombinant CGA was incubated with ca- 
sein  kinase I1 and 32P-labeled ATP, followed by electro- 
phoretic separation.  CGA is a  substrate for this enzyme 
(Fig. 1G). 

Verification of the sequence of recombinant CGA 

It was important to determine that the primary structure 
of the expressed CGA was correct, because of the anom- 
alous behavior of CGA on denaturing gel electrophore- 
sis. Automated Edman degradation showed the expected 
amino-terminal sequence, MLPVNSPMK, with no evi- 
dence of contaminating polypeptides. 

Tryptic peptides of recombinant CGA protein were 
analyzed by fast atom bombardment mass spectrometry 
using an  HPLC interface. Additional analysis was per- 
formed on the tryptic peptide mixture further digested by 
the addition of an asparaginyl endoprotease. At  least two 
analyses were performed on each experimental peptide 
mixture, as well as on control digests, containing only en- 
zyme. Peptides containing a  total of  399 residues out of 
432  were  positively identified. All peptides were identi- 
fied  in at least two experiments. Of the 33 residues that 
could not be located in the  chromatographic profiles, 
three were  single arginine residues, located at positions 
115,  331, and 366, two were dipeptides, CGA352-353 and 
CGA430-431, and one was a tripeptide, CGA2x-226. These 
peptides are not easily detected in the type of experiment 
performed because of the presence  of  high background 
ions at this low mass range. The region CGA207-221 was 
not detected, most likely because of the large negative 
charge of the peptides in this region. Because the region 
CGA142-172 was not detected in the tryptic digests, an as- 
paraginyl endoprotease was added to cleave the two in- 
ternal asparagine residues. Two of the three predicted 
peptides, CGA150-161  and  CGA162-172, were positively 
identified. The third peptide, CGA142-149, was identified, 
but an ion at  a similar m/z was also identified in the con- 
trol digest. 

Figure 2E shows the  TIC  chromatogram of an  HPLC 
analysis of a tryptic digest  of recombinant CGA.  The 
mass chromatograms for four selected  ions from this sep- 

l:]* h'" mlz: 705.5 1 
mlz: 1007.7 

er 

Fig. 2. Ion chromatograms obtained from continuous  flow fast atom 
bombardment mass spectrometry of HPLC-separated tryptic peptides 
of recombinant CGA. Panel E is the TIC chromatogram of the HPLC 
separation. Representative mass chromatograms showing the elution 
positions  of  four individual protonated molecular ions are shown in 
panels A-D.  The scan numbers are shown adjacent to the peaks. A: 
m/z = 705.5,  CGA319-324. B: m/z = 1,007.7, C G A l o l _ , ~ 9 .  C: m/z = 
1,094.7, CGA421-429. D: m/z = 1,130.7, CGA-1-9. 

aration  are shown in Figure 2A-D. The  four ions were 
located at the extremes of the the HPLC separation and 
demonstrate  that the peptide separation achieved is bet- 
ter than can be observed from the total ion current chro- 
matogram.  Panels  C  and  D show the  elution of the 
penultimate carboxy-terminal peptide and the  amino- 
terminal peptide, respectively. The data from this indi- 
vidual experiment permitted the identification of 75.7% 
of the recombinant CGA sequence. 

Figure 3 shows the accumulated mass spectra of the 
peptides identified in the mass chromatograms in  Fig- 
ure 2. Note that  the observed molecular ions are within 
0.1-0.2 amu of the predicted monoisotopic ions for these 
peptides. The background signal caused by the thioglyc- 
erol matrix can obscure the positive identification of 
smaller peptides. Figure 4B shows the accumulated scans 
that permitted the identification of  low molecular  weight 
peptides of m/z 476.2 and 533.4. Data from adjacent 
scans, shown in Figure 4A, demonstrate that these peaks 
are significantly above the background ions contributed 
by the matrix. 

Comparison of recombinant CGA 
to natural CGA preparations 

Figure 5 shows the relative HPLC elution profiles of the 
recombinant CGA  and of a typical natural CGA prepa- 
ration purified from bovine adrenal chromaffin granules 
by heat treatment and ion-exchange chromatography. The 
four peaks in the natural CGA preparation were analyzed 
by automated  Edman  degradation. Peak 1 is a fragment 
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Fig. 3. Mass spectra of tryptic peptides. Accumulated scans of the  pro- 
tonated molecular ions shown in Figure 2. A: CGA319-324, scans 55- 
58 ,  predicted protonated  monoisotopic m/z = 705.36. B: CGAlol_los, 
scans 49-54, predicted protonated  monoisotopic m/z = 1,007.49. C: 
CGA421.429, scans 202-204, predicted protonated monoisotopic m/z = 
1,094.6. D: CGA-,_9, scans 204-205, predicted protonated monoiso- 
topic m/z = 1,130.6. 

of preproenkephalin beginning at residue 234, as dem- 
onstrated by automated  Edman  degradation of the first 
10 residues, AEPLPSEEEG. Peaks 2 and 3 exhibit a sin- 
gle amino acid sequence, corresponding to the  amino- 
terminus of intact  CGA. Analysis by SDS-PAGE (data 
not shown) suggests that  both of these peaks are  amino- 
terminal fragments of CGA. These fragments are endog- 
enously processed  in chromaffin granules at the first two 
pairs of  basic  residues and  are the molecular species active 
in vasodilation assays (Aardal et al., 1992) and in  assays 
for  inhibition of the secretion of parathyroid  hormone 
(Drees et al., 1991). Peak 4 also exhibits a single amino- 
terminus characteristic of CGA  and is eluted 2.1 min ear- 
lier than  the recombinant CGA under the same elution 
conditions. When  analyzed by SDS-PAGE,  peak 4 showed 
a predominance of a band of M, 72,000, with several 
faster migrating species also immunoreactive with anti- 
CGA antibodies. The  natural CGA protein of M, 72,000 
is known to be phosphorylated on serine residues (Set- 
tleman et al., 1985a), and is also glycosylated (Smith & 
Winkler, 1967; Geissler et al., 1977; Fischer-Colbrie  et al., 
1982). Therefore, the slightly later elution time of the re- 
combinant  CGA is expected. 

CD of recombinant CGA 

CGA is a very acidic protein, with an isoelectric point of 
4.8. In vivo, it experiences two physiological pH condi- 
tions: the low pH of the secretory vesicles,  between pH 5 
and 6 ;  and  neutral pH during passage through the Golgi 
apparatus,  and  after secretion into  the extracellular en- 
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Fig. 4. Mass spectra of  low m/z tryptic peptides to show the discrimi- 
nation  from  background. A: Scans 20-25 from  the TIC chromato- 
gram shown in Figure 2E. B: Scans 26-27 from the  total ion current 
chromatogram shown in Figure 2E. The ion at m/z 476.2 corresponds 
to  CGA44-47r predicted protonated monoisotopic m/z = 476.21. The 
ion at m/z 533.4 could  correspond to  CGAllo-114r CGAZ03-206, or 
CGA244-247r predicted protonated  monoisotopic m/z = 533.27. 
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Fig. 5. Comparison of recombinant CGA with natural bovine CGA on 
C8 reversed-phase HPLC column. Solid line, profile for separation of 
natural CGA;  dashed-dotted line, profile for  recombinant  CGA. 
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vironment and into the bloodstream. One report indicates 
that  CGA differs in secondary structure at neutral and 
acidic pHs, as  evidenced by changes in CD spectra (Yo0 
& Albanesi, 1991). We also note  a difference in second- 
ary structure of CGA at neutral and acidic pH, with a 
much higher component of a-helix at neutral pH (Fig. 6; 
Table 1). There is also a concentration-dependent effect 
of the CD spectra. This is not reflected in the calculated 
content of periodic secondary structure but in the extent 
of the measured ellipticity. Concentrations of protein 
greater than 2 pM had limited  solubility at acidic pH. Dif- 
ferences in the spectra can also be noted at neutral pH. 
The curves shown in Figure 6 were measured in the pres- 
ence of 50 mM NaCl, to eliminate any charge effects in 
the subsequent calcium titrations. However, the spectral 
characteristics were the same when performed in the ab- 
sence of added salt, in the presence of 150  mM NaCl, or 
in  several different buffers. 

At acidic pH, addition of calcium over a wide concen- 
tration range caused marked changes in the spectrum of 
recombinant CGA (Fig.  6B,C).  At the protein concentra- 
tions used, there was no turbidity or aggregation of CGA. 
The calcium content of the chromaffin granules is 20 mM 
(Winkler & Westhead, 1980).  Yet, differences  in the spectra 
could be noted with addition of as little as 5 pM  calcium. 
However, these spectral changes  were not accompanied 
by changes in the calculated  percentages  of  periodic struc- 
tural components (Table l), using the fitting procedures 
of Yang  (1986).  At neutral pH (Fig.  6D), addition of cal- 
cium to recombinant CGA causes a decrease in a-helical 

200 240 280 
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Table 1. Secondary  structure  estimations  (percentages) 
of  recombinant CGA 

a-Helix &Sheet &Turns Random coil 

0.4 pM rCGA,  pH 5.8 5.0 17.2 29.9 
+0.1 mM  Ca2+ 7.1 15.6 30.4 
+2.5 mM  CaZ+ 6.1 15.0  30.8 
+5.0 mM CaZ+ 6.3 14.0 31.0 

+ 10.0 mM Caz+ 6.2 17.5 28.8 
+25.0 mM Ca2+ 4.5 20.7 27.8 

1 pM rCGA,  pH 5.8 6.9 17.1 27.4 
+0.5 mM Ca2+ 6.9 16.2 28.1 
+5.0 mM Ca2+ 6.2 15.7 28.3 

+20.0 mM Ca2+ 6.7 14.6 28.4 

0.35 pM rCGA,  pH 7.2 37.7 - 28.5 

2.4 pM rCGA,  pH 7.2 34.0 3.1 32.4 
+0.5 mM Ca2+ 12.1 14.0 27.9 
+2.5 mM  Ca2+ 1 1 . 1  14.9 27.7 

+10.0 mM Ca2+ 12.6 14.4 27.7 

48.0 
46.8 
48.0 
48.7 
47.6 
46.9 

48.6 
48.8 
49.8 
50.3 

33.8 

30.5 
46.0 
46.2 
45.3 

content,  and a corresponding increase in the  amount of 
random coil (Table l),  to give  values  more  similar to those 
obtained  for CGA at low pH. 

Discussion 

The reported biological activities of CGA fragments ap- 
pear to reside  wholly within the primary structure, as ev- 

WAVE LENGTH, nm 

Fig. 6. CD spectra of recombinant CGA  at acidic and neutral pH, in the absence and presence of calcium. A: Solid line, 
0.4 pM CGA,  pH 5.8; dotted line, 1 pM CGA,  pH 5.8; dashed-dotted line, 0.35 pM CGA,  pH 7.2; dashed line, 2.2 pM CGA, 
pH 7.2. B: All measurements were made of 0.4 pM CGA at pH 5.8.  Lower solid  line, no calcium; lower dotted line, 0.1 mM 
calcium; dashed-dotted line, 2.5 mM calcium; dashed line, 5 mM calcium; upper solid  line, 10 mM calcium; upper dotted line, 
25 mM calcium. C :  All measurements were made of 1 p M  CGA  at  pH 5.8.  Solid line, no calcium; dotted  line, 0.5 mM calcium; 
dashed-dotted line, 5 mM calcium; dashed line, 20 mM calcium. D: All measurements were made of 2.4 pM CGA at pH 7.2. 
Solid  line, no calcium; dotted line, 0.5 mM calcium; dashed-dotted line, 2.5 mM calcium; dashed line, 10 mM calcium. 
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idenced by studies using synthetic peptides (Tatemoto 
et al., 1986; Galindo et al., 1991; Angeletti et al., un- 
pub].). Yet, the  natural CGA is posttranslationally mod- 
ified  in  diverse ways  (Giessler  et al., 1977; Fischer-Colbrie 
et al., 1982; Falkensammer et a]., 1985; Rosa et al., 1985; 
Settleman et al., 1985a; Wohlfarter et al., 1988; Gowda 
et al., 1990). These modifications could affect proteolytic 
processing,  binding of small  molecules, or biological turn- 
over. Availability of pure CGA of defined structure will 
permit the  study of these processing  events and biologi- 
cal function.  Further unusual properties of CGA have 
been reported.  For example, it binds tightly to secretory 
vesicle membranes even though it is a soluble protein (Set- 
tleman et al., 1985b). The molecular basis of this prop- 
erty is unknown. The availability of recombinant CGA 
will permit a careful analysis of this phenomenon, which 
has been postulated to be involved in secretory granule 
formation  and  condensation  (Pimplikar & Huttner, 
1992). 

With the  CGA expressed in E. coli using the PET vec- 
tor system, a simple purification procedure could be de- 
vised, analogous to that used for purification of natural 
CGA (Fischer-Colbrie & Schober, 1987). This protocol 
resulted in a polypeptide with the correct primary struc- 
ture, as determined by amino-terminal sequencing and 
mass spectrometry of the tryptic peptides. In  the purifi- 
cation of undegraded natural  CGA,  a critical step is heat 
treatment for 5 min at neutral pH in a boiling water bath 
(Rosa et al., 1985; Fischer-Colbrie & Schober, 1987). 
Most  of the chromaffin granule proteins precipitate,  leav- 
ing a  preparation rich in CGA  and  the related protein, 
chromogranin B. Heat  treatment is a common method 
used to purify heat-stable proteins, e.g.,  calmodulin  (Wal- 
lace et al., 1980). This procedure was also effective in the 
purification of recombinant CGA. As  seen in Figure 1, 
CGA remains in the supernatant  after  a heat treatment 
step, which  removes  most  of the E. coli proteins. Yo0 & 
Albanesi (1991) have  suggested that CGA prepared in this 
manner has an altered structure.  In  contrast, Videen & 
coworkers (1992) noted no difference in the interactions 
of natural  CGA with either calcium or catecholamines, 
regardless of whether the protein had been heat treated 
or not.  The  CD spectra shown in Figure 6A are similar 
to those of natural bovine CGA purified without a heat 
treatment (Yo0 & Albanesi, 1991; Angeletti, data not 
shown). 

The  CD spectra of recombinant CGA titrated with  cal- 
cium showed marked changes at calcium concentrations 
as low as 5 pM. This is in contrast to the  report  that 
the changes in CD spectra only occurred in the range of 
5-10  mM  (Yo0 & Albanesi, 1991). It is  likely that  start- 
ing preparations used  by these  investigators  retained 
bound calcium not removed by the Chelex chromatog- 
raphy step (Holmquist, 1988; Riordan & Vallee,  1988). 
Several previous investigations have noted the presence 
of two classes of calcium-binding sites in CGA (Reiffen 

& Gratzl, 1986a,b; Yo0 & Albanesi, 1991),  with KO val- 
ues for  CGA calcium binding of ca. 50 pM and  2 mM 
as measured by calcium electrode. The Ca2+-dependent 
spectral changes that we observed are consistent with 
these values. The previously  observed  calcium-dependent 
aggregation of CGA occurs at protein concentrations 
higher than those used  in the present study. 

An unusual feature of the CD spectra (Fig. 6 )  is that 
the calcium interactions at low pH were not reflected by 
significant  changes  in  calculations  of  secondary structural 
elements. At low pH, the recombinant CGA has approx- 
imately 50% random coil structure and 30% /3-turns,  with 
lesser amounts of calculated a-helix and &sheet. The 
amino acid composition of  CGA  is unusual, with over 
30% acidic residues, and a high proline content (970). In 
Figure 7, the amino acid  sequence of CGA is represented 
simply  as proline and glycine  residues (in bold letters), 
which disrupt a-helical structure, plus glutamic acid and 
aspartic acid. The  term  random coil structure is often 
loosely interpreted as disordered structure or as a lack of 
a fixed tertiary  structure (Videen et al., 1992). However, 
a random coil is perhaps more simply defined as a lack 
of known ordered periodic, or asymmetric, secondary 
structural elements. The presence  of proline and glycine 
residues, interspersed by stretches of acidic residues, 
may impose a  structure on CGA  that would produce CD 
spectra not easily recognized by present curve-fitting 
approaches. CGA does not show significant primary 
structure similarity to other calcium-binding proteins (Ia- 
cangelo et al., 1986). 

Most other studies have  focussed on the effects of cal- 
cium on  CGA  at high protein concentrations, monitor- 
ing protein aggregation (Leiser & Sherwood, 1989;  Yo0 
& Albanesi, 1990; Pimplikar & Huttner, 1992;  Videen 
et al., 1992). This property is currently thought to have 
relevance to the formation of acidic secretory vesicles 
from the Golgi apparatus (Huttner et al., 1991; Pimplikar 

Fig. 7. Representation of CGA amino acid sequence  with only proline, 
glycine, glutamic acid, and aspartic acid shown. Proline and glycine 
residues are printed in bold. 
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& Huttner, 1992). Our  preparations of recombinant CGA 
could  potentially be used to test elements of this  hypoth- 
esis in a cell-free system. However, we have initially fo- 
cussed on  the effects of calcium on  CGA  at lower protein 
concentrations. Yo0 and Lewis (1992) have recently re- 
ported  that  natural  CGA is a  tetramer  at low pH in  the 
presence of calcium,  but is a  dimer at  neutral  pH in the 
absence of calcium, using concentrations  of  CGA simi- 
lar to those used in the experiments  described in the 
present communication.  It is at these concentrations that 
we  will be able to further  explore the physical properties 
of CGA  and to relate these properties to the  generation 
of biologically active  peptides. 

CGA  and  the structurally  related  chromogranin B 
(Winkler & Fischer-Colbrie, 1992) are members of  a small, 
but novel family of calcium-binding neuroendocrine pep- 
tide precursor proteins. The  recombinant  protein  obtained 
in this  study will be used to study  the  posttranslational 
processing, receptor binding, and molecular properties of 
CGA.  It will be of  interest in the  future  to see if struc- 
tural  homologies to other families of proteins exist on a 
three-dimensional level, if not on the level of primary 
structure. 

Materials and methods 

Materials 

Chemicals  and biochemicals were obtained  from Sigma 
or Baker Chemical Co.  High purity  sodium  chloride was 
purchased from Aldrich Chemical Co. Solvents were Bur- 
dick and  Jackson HPLC grade.  Trifluoracetic acid was 
obtained  from Pierce  Chemical Co. Water was distilled 
and passed through  a Milli-Q' apparatus (Millipore) and 
used fresh,  without  storage,  only at 18 MWcm (25") (Ri- 
ordan & Vallee,  1988).  New England Biolabs restriction 
enzymes were used in all  experiments. Taq polymerase 
and  polymerase  chain  reaction reagents from  Cetus- 
Perkin Elmer were used in construction of the expression 
plasmids. Asparaginyl endoprotease was purchased from 
Takara Biochemicals (Matsushita  et  al., 1991). Trypsin, 
treated with L-1-tosylamide-2-phenylethylchloromethyl 
ketone, was obtained  from  Worthington  Corp.  The 
cDNA  for bovine CGA in a  pUC13 vector was a  gener- 
ous gift of Lee Eiden.  The  PET  vectors  and  bacterial 
stocks were a gift of  Wm.  Studier  (Studier & Moffat, 
1986; Studier  et  al., 1990). Antibodies to synthetic pep- 
tides corresponding to  amino acid sequences along  the  en- 
tire length of the  CGA polypeptide were prepared in the 
authors'  laboratory  and have been used  in numerous stud- 
ies. Recombinant casein kinase I1 was the  generous  gift 
of Charles  Rubin  (Hu & Rubin, 1990). Casein kinase I1 
assays were performed using 32P-yATP  and casein as a 
positive control  substrate,  as described by Hu and  Rubin 
( 1990). 

Construction of PET-CGA 

Polymerase  chain  reaction was used to add Nde I restric- 
tion sites to the  cDNA  for  CGA. Oligonucleotide  prim- 
ers were made to add an Nde I site to the 5' end of the 
region coding  for  the CGA protein without the leader se- 
quence (GGATCCCATATGCGCTCCGCCGCGGTCC 
TGGCGCTTCT),  and  another was made to convert a site 
64 bp beyond  the 3' end of the reading  frame  (GGATCC 
CATATGGACCTGCAGAGGGGGCAACAGA). After 
completion of  24  cycles at a melting temperature of 94 "C 
(1 min), an annealing  temperature  of 50 "C (2  min),  and 
an extension temperature of 72 "C (3 min, 10 s extension 
addedicycle), the correct-sized products were purified 
from low melting agarose gels and  cut with Nde I before 
ligating the  insert into  the pET3a  vector. The  DNA was 
transformed  into  the E. coli DH5a strain.  The DNA from 
colonies isolated from this  strain was restriction  mapped 
and sequenced before  the  final  transformation into  the 
BL2 l(DE3)  strain  of E. coli. Carbenycilin antibiotic was 
used throughout  this  procedure.  Bacteria were grown to 
an absorbance of 0.6  at 590 nm before  induction with iso- 
propyl 0-D-thiogalactopyranoside. 

Protein purification 
Cells were collected by centrifugation,  frozen  at -80 "C 
and  thawed, treated with  lysozyme (0.5 mg/g cells, 10 min 
at 20 "C),  and  then  further lysed by sonication at 4 "C. 
After  centrifugation  at 15,000 rpm in a  Sorvall SS35 ro- 
tor, the  supernatant was heated in a boiling water  bath 
for 5 min, chilled on ice for 10 min,  and  recentrifuged. 
This final  supernatant was  dialyzed for  6  h against 10  mM 
potassium  phosphate, pH 7.2,  lyophilized, and redis- 
solved  in  prechilled  10 mM potassium phosphate, pH 7.2, 
containing 0.1 M NaCl. The proteins were then separated 
on a Superose 12 column, 2.5 x 150cm, followed by both 
DEAE (4.6 mm x 5 cm) and  C8 (4.6  mm x 20 cm) re- 
versed-phase HPLC columns (Fischer-Colbrie & Schober, 
1987). Protein was monitored by absorbance  at 220 nm 
and 280 nm,  and by SDS-PAGE, followed by immuno- 
blotting with a sequence-specific antiserum to bovine 
CGA.  Calcium  binding was performed  on nitrocellulose 
according  to  published  methods  (Reiffen & Gratzl, 
1986a). An Applied Biosystems 477A sequencer was  used 
for  protein sequence analysis.  Amino acid content was 
quantitated  after  acid hydrolysis on a  Hewlett-Packard 
AminoQuant  system.  A precise quantitation of the  sort 
used  in purifying enzymes is more difficult with either re- 
combinant  or  natural  CGA  purifications, because there 
is no  direct assay for  the intact  polypeptide,  only  immu- 
nological assays. The yield of CGA  protein  at  the boil- 
ing step was approximately  90%,  75%  at  the  DEAE 
chromatography  step,  and 70% from  the reversed-phase 
column.  An overall yield of ca. 0.5 mg protein/g  culture 
was obtained. 
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Mass spectrometry 

Mass spectrometry of tryptic peptides from recombinant 
CGA was performed using a  Finnigan MAT-90 mass 
spectrometer at a resolution of ca. 1,200, and equipped 
with a microbore HPLC interface. Fast atom  bombard- 
ment was used for sample ionization, and tryptic peptides 
were separated  on  a 0.32-mm-diameter C18 column and 
analyzed directly by the mass spectrometer. The column 
was eluted with a gradient of acetonitrile in the presence 
of 0.1% trifluoracetic acid and 2.5%  thioglycerol. A min- 
imum of two runs was made on each digestion mixture. 
Correct identifications were  called on only those ions  with 
a signal-to-noise ratio of  3: 1 or greater, which  were within 
1.5 amu of the predicted protonated monoisotopic m/z ,  
were present in at least two scans, and were not found 
in the control digests. For purposes of comparison to the 
natural  CGA sequence, the same residue numbers are 
used for recombinant CGA. The amino-terminal methi- 
onine is thus designated as residue - 1. 

CD 

CD spectroscopy was carried out  on  a  JASCO 5-720 in- 
strument with a 1-cm  cell at designated protein concen- 
trations. Measurements were carried out  at a 1-nm band 
width, 0.125s response time, and 0.5-nm step resolution. 
Ten accumulated scans were taken for each sample at a 
scan speed of 50 nm/min.  The curve-fitting techniques 
of Yang  (1986)  were  used for secondary structure estima- 
tion.  Protein concentration was measured by absorbance 
at 280 nm. Measurements were made in both  2 mM so- 
dium acetate  and potassium phosphate  buffers, at either 
pH 5.2 or 5.8, or in MOPS (3-[N-morpholino]propane- 
sulfonic acid) buffer at  pH 7.2. 
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