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The ut i l i ty  of  a n e w  mass  s p e c t r o m e t r i c  t echn ique  for 
de tec t ing  and i d e n t i f y i n g  pept ide  by -produc t s  pro-  
duced in the s y n t h e s i s  o f  pept ides  is  d emon s tra ted .  The  
t echn ique  i n v o l v e s  three  sequent ia l  steps: (1) pract i -  
ca l ly  n o n d e s t r u c t i v e  252Cf p l a s m a  desorpt ion  mass  
s p e c t r o m e t r i c  ana lys i s  of  m o n o l a y e r  a m o u n t s  of  the 
peptide(s)  of  in teres t  bound to a thin layer  of  n i troce l lu-  
lose;  (2) e n z y m e - c a t a l y z e d  m i c r o s c a l e  c h e m i c a l  reac-  
t ion of  the sur face -bound  pept ide(s)  to produce  s truc-  
tura l ly  i n f o r m a t i v e  h y d r o l y s i s  products;  (3) p l a s m a  
desorpt ion  m a s s  s p e c t r o m e t r i c  ana lys i s  o f  these  hydro-  
l y s i s  products .  The  first s tep d e t e r m i n e s  the p r e s e n c e  
and the m o l e c u l a r  w e i g h t s  of  u n w a n t e d  b y - p r o d u c t s  re-  
su l t ing  f rom errors  or i n c o m p l e t e  reac t ions  dur ing  syn-  
thes is .  The  subsequent  t w o  s teps  p r o v i d e  i n f o r m a t i o n  
on the prec i se  locat ion  in the  pept ides  w h e r e  errors  
h a v e  occurred .  In the present  paper ,  the  t echn ique  is 
appl ied to an i n v e s t i g a t i o n  of  u n w a n t e d  pept ide  by-  
products  a s soc ia ted  w i t h  the use  of  t ryptophan  during  
s t e p w i s e  so l id -phase  pept ide  synthes i s .  S y n t h e t i c  prep-  
arat ions  of  m e l i t t i n  and [ B p a - 8 ] d y n o r p h i n  A ( 1 - 1 7 )  
w e r e  each  found to conta in  a major  i m p u r i t y  w i t h  mo-  
lecular  w e i g h t  2 8  Da  h igher  than that  of  the des ired  
product .  The  i m p u r i t y  in the  m e l i t t i n  preparat ion ,  in 
w h i c h  the final deprotec t ion  step i n v o l v e d  the h i g h - l o w  
HF procedure ,  w a s  s h o w n  to resu l t  f rom i n c o m p l e t e  re-  
m o v a l  of  the f o r m y l  group f rom T r p - 1 9 .  On the  other  
hand,  the i m p u r i t y  in the [ B p a - 8 ] d y n o r p h i n  A ( 1 - 1 7 )  
preparat ion ,  w h e r e  the  r e m o v a l  of  the f o r m y l  group 
f rom T r p - 1 4  w a s  carr ied  out  us ing  p iper id ine ,  w a s  
s h o w n  to resul t  f rom m i g r a t i o n  of  the  f o r m y l  group to 
L y s - l l  or  L y s - 1 3 .  F i n d i n g s  c o n c e r n i n g  the  r e l a t i v e  
ra tes  of  h y d r o l y s i s  at N i - f o r m y l a t e d  t ryptophan  and 
Trp by  c h y m o t r y p s i n  and N ' - f o r m y l a t e d  l y s i n e  and 
Lys  by  c a r b o x y p e p t i d a s e  B are  also presented .  © 1989 
Academic Press ,  I n c .  
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T h e r e  is a large and  a rapidly  growing need a m o n g  
m e m b e r s  of  the  biological c o m m u n i t y  for high pur i ty  
synthe t ic  pept ides  and  small  prote ins .  T h e  mos t  widely 
used  me thods  for producing  these  mate r ia l s  are based  on 
the  s tepwise sol id-phase synthe t ic  procedure  devised by  
Merrif ie ld (1) (for reviews see Refs. (2-4)).  As the  size 
and  complex i ty  of  the  ta rge t  pept ide  increases,  the  op- 
p o r t u n i t y  for synthe t ic  errors,  u n w a n t e d  modif icat ions,  
and  cumula t ive  effects ar is ing f rom incomple te  reac- 
t ions also increases.  I t  is therefore  impera t ive  to have  
avai lable effective means  for rapidly  ver i fying the  cor- 
rec tness  of  the  covalent  s t ruc ture  of  these  complex  ma-  
terials,  es tab l i sh ing  the i r  pur i ty ,  and  detect ing and  iden- 
t i fying undes i red  pept ide  by-products .  T h e  n u mero u s  
me thods  t h a t  have  been  devised for these  purposes  have  
been  reviewed (2-4). T h e  mos t  useful  have  involved sub- 
ject ing the  p roduc t s  to high resolut ion H P L C  separa t ion  
(4,5), amino  acid analysis  (6), sequence analysis  (7), 
spec t ropho tomet r i c  analysis  (8), N M R  analysis  (9), and  
mass  spec t rome t ry  (10-14). 

P e r h a p s  the  m o s t  widely uti l ized technique  at  p resen t  
for assess ing the  homogene i ty  of  the  purif ied pept ide  
p roduc t  and  for detect ing the  presence  of by-produc t s  is 
reverse -phase  H P L C .  Since this  same technique  is com- 
mon ly  used on a p repa ra t ive  scale for pur i fy ing  the  de- 
sired pept ide  f rom the crude synthe t ic  product ,  it is no t  
surpr is ing t h a t  undes i red  mate r ia l s  which copuri fy  wi th  
the  c o m p o u n d  of in te res t  are also of ten  not  resolved in 
the  analyt ica l  H P L C  analysis .  I t  is thus  desirable to as- 
sess homogene i ty  wi th  an  analyt ica l  t echnique  which 
separa tes  compounds  by  a different  pr inciple  f rom t h a t  
used in the  purif icat ion.  We  have  found  (14) t h a t  252Cf 
p l a s m a  desorp t ion  mass  spec t rome t ry  (PD MS)  2 (15) 
serves th is  funct ion  well. We  base  this  a s se s smen t  on 

2 Abbreviations used: Bpa, p-benzoylphenylalanine; Dyn A, 
dynorphin A; DPCC, diphenylcarbamylchloride; TLCK, 1-chloro-3- 
tosylamido-7-amino-L-2-heptanone; NC, nitrocellulose; TFA, ~,~,a- 
trifluoroacetic acid; Trp(For), NLformylated tryptophan; m/z, mass- 
to-charge ratio; CPB, carboxypeptidase B; HF, hydrofluoric acid; 
DMS, dimethyl sulfide; PDMS, plasma desorption mass spectrome- 
try; Lys(For), N~-formylated lysine. 
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our detailed analysis of more than 800 synthetic peptides 
and proteins submitted to The Rockefeller University 
Mass Spectrometric Research Resource by 15 different 
laboratories in the United States (14). The resolution of 
this mass spectrometric technique is sufficiently high so 
that  peptide by-products differing only very slightly 
from the target peptide can usually be clearly discerned 
and their molecular weights readily determined. While 
such simple molecular weight information can provide 
useful clues as to the origin and nature of by-products, 
it does not provide direct information on the site of the 
error(s). Recently, tandem mass spectrometry (16) has 
been demonstrated to be a powerful tool for pinpointing 
such sites of error or modification (13). We have devel- 
oped a complementary mass spectrometric approach to 
tandem mass spectrometry for extracting information of 
this type (17-19). The technique involves three sequen- 
tial steps: (1) practically nondestructive 252Cf PDMS 
analysis of monolayer amounts of the peptide(s) of inter- 
est bound to a thin layer of nitrocellulose (NC); (2) 
enzyme-catalyzed microscale chemical reaction of 
the surface-bound peptide(s) to produce structurally 
informative hydrolysis products; (3) PDMS analysis of 
these hydrolysis products. The first step determines the 
presence and the molecular weights of unwanted by- 

products resulting from errors or incomplete reactions 
during synthesis. The subsequent two steps provide in- 
formation on the location in the peptides where errors 
have occurred. 

In the present paper we demonstrate the utility of our 
method for elucidating the structure of unwanted pep- 
tide by-products which we have frequently observed in 
tryptophan-containing peptides (14). The NH group of 
the indole nucleus in the tryptophan side chain can 
suffer alkylation if not protected (3). To protect against 
this side reaction, use of the formyl-masking group (21) 
has found general acceptance (22). Although several de- 
protection schemes have been used (3,4,22), the com- 
plete deprotection of N-formyl tryptophan has proved 
nontrivial ((14) and results presented herein). In order 
to assist in the elucidation of the problems associated 
with syntheses involving tryptophan we undertook a de- 
tailed mass spectrometric investigation of two trypto- 
phan-containing synthetic peptides in which large 
amounts of the formyl group containing impurities were 
observed. Both materials were synthesized using the 
Merrifield stepwise solid-phase procedure. The first pep- 
tide, metittin, containing a Trp residue in position 19, is 
the principal component of the venom from the honey 
bee, Apis  Mellifera (23). The sequence is 

5 10 15 

Gly-I le -Gly-Ala-Val -Leu-Lys-Val -Leu-Thr-Thr-Gly-Leu-Pro-Ala-Leu-I le  
20 25 

Ser-Trp-I le-Lys-Arg-Lys-Arg-Gln-Gln-NH2.  

The second synthetic peptide is a modified dynorphin, [Bpa-8]Dyn A (1-17) containing a Trp residue in position 
14 and a p-benzoylphenylalanine in position 8. The sequence is 

5 10 15 

Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Bpa-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-Gln .  

MATERIALS AND METHODS 

Materials. Trypsin (DPCC treated), carboxypepti- 
dase B, proteinase K, a-chymotrypsin (TLCK treated), 
and NH4HCO3 were obtained from Sigma Chemical Co. 
(St. Louis, MO). Water and acetone were high purity, 
distilled in glass grade obtained from Burdick and Jack- 
son Lab., Inc. (Muskegon, MI). ~,~,a-Trifluoroacetic 
acid was I-IPLC spectrograde obtained from Pierce 
Chemical Co. (Rockford, IL). Nitrocellulose was ob- 
tained in the form of membranes (BA84 0.45-•m pore 
size) from Schleicher & Schuell, Inc. (Keene, NH). All 
chemicals were used without further purification. 

Melitt in.  This peptide, submitted to us for mass 
spectrometric analysis, was synthesized on an Applied 
Biosystems Model 430A synthesizer by the Merrifield 
stepwise solid-phase procedure (1,8) on p-methylbenz- 
hydrylamine resin (24). The protecting group strategy 
and synthetic protocol follows closely that  described by 
Christensen et al. (25). The deprotection scheme was the 
low-high two-step HF cleavage procedure of Tam et al. 

(22,26). In the low HF stage, a mixture of HF, dimethyl 
sulfide (DMS), p-cresol, p-thiocresol (25/65/7.5/2.5%, 
v/v, respectively) was used. The high HF step was car- 
ried out by evaporating all the HF and DMS in vacuo and 
recharging the vessel with anhydrous HF. The peptide 
product was then desalted by gel filtration and purified 
by preparative HPLC. This sample was submitted for 
mass spectrometric analysis. A high resolution HPLC 
analysis of this sample using a C-18 reverse-phase col- 
umn showed a single symmetric peak (Fig. la). Amino 
acid analysis provided the expected composition of the 
peptide. 

[Bpa-8]dynorphin A (1-17). This peptide, also sub- 
mitted to us for mass spectrometric analysis, was syn- 
thesized by the same Merrifield solid-phase synthesis 
protocol as used by Yamashiro and Li (27) on benzhy- 
drylamine resin. In order to avoid possible side reactions 
of Bpa with the sulfide nucleophiles generally used in 
low-high HF deprotection, a different deprotection 
scheme was adopted. First a high HF treatment was car- 
ried out with HF and p-cresol (11/1, v/v) to remove all 
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FIG.  1. Reverse-phase HPLC traces of (a) the mellitin products and 
(b) the [Bpa-8]dynorphin (1-17) products. These samples were pre- 
viously purified by preparative HPLC (see Materials and Methods). 
In (a), 4 #g of the purified mellitin sample in 10% acetic acid was in- 
jected onto a Vydac C-18 reverse-phase column equilibrated in 0.04% 
trifluoroacetic acid. After a 10-min wash, the column was eluted with 
38% CHsCN and 0:04% trifluoroacetic acid. In (b), 50 t~g of the purified 
[Bpa-8]dynorphin (1-17) sample in distilled water was injected onto 
a Vydac C-18 reverse-phase column equilibrated in 25% acetonitrile. 
After a 10-min wash, the column was eluted with a 30-rain linear gradi- 
ent of 25.0-27.5% acetonitrile in 0.1% trifluoroacetic acid. The peaks 
labeled A and B correspond to the mellitin products and [Bpa-8]- 
dynorphin (1-17) products, respectively. 

the protecting groups with the exception of Trp(For).  
The peptide was then purified from the crude product by 
preparative reverse-phase HPLC.  Finally, to remove the 
formyl group from the purified [Bpa-8][Trp(For)-14]- 
Dyn A (1-17), the peptide was treated with 0.2 M piperi- 
dine (distilled) for 15 min. A high resolution HPLC anal- 
ysis of this material using a C-18 reverse-phase column 
showed two clearly separated peaks with approximately 
equal absorptions (X = 260 nm, the absorption maximum 
of the benzophenone group) (Fig. lb). Further  t reatment  
with piperidine for 1 h produced no significant change in 
the HPLC trace. The sample used in the present investi- 
gation was obtained after this second deprotection treat- 
ment with piperidine and contained both products. 

[Bpa-8][Trp(For)-14]dynorphinA (1-17). This com- 
pound was obtained as an intermediate during the syn- 
thesis of [Bpa-8]Dyn A (1-17) as described above. 

Methods. The detailed procedure for the mass spec- 
trometric investigation of microscale reaction products 
of surface bound samples has been described previously 
(18,19). A brief description of this method and the addi- 
tional steps taken in the present  investigation are given 
below. 

Sample preparation. Samples were prepared for 
mass spectrometric analysis by adsorption of the pep- 
tide(s) from solution onto a thin NC film (28,18), coated 
onto the surface of the mass spectrometer sample inser- 

tion probe. The NC film was produced by electrospray- 
ing 50 #g of NC (1 mg/ml in acetone) onto a flat, thin (2 
ttm) aluminized polyester support with a surface area of 
I cm 2. One nanomole of peptide dissolved in 3 #1 of 0.1% 
TFA was spread on the NC layer. Following adsorption 
of the peptide to the NC surface and evaporation of the 
solvent, the sample foil was inserted into the vacuum 
lock of the mass spectrometer where the film was thor- 
oughly dried by evacuation. The resulting bare layer of 
peptide molecules bound to the surface of the NC was 
then inserted into the mass spectrometer for analysis. 

252Cf plasma desorption mass spectrometry. The mass 
spectra were obtained with The Rockefeller University 
2~2Cf fission fragment ionization time-of-flight mass 
spectrometer which has been described previously 
(29,11). Spectral accumulation times ranged between 1 
and 10 h depending on the yield of ions obtained from 
the sample under investigation. It should be noted that  
the fission fragment flux through the sample (5000 fis- 
sion fragments/s) is sufficiently low to cause negligible 
damage (<1 part  in 103 ) to the total sample over the time 
scale of these measurements. Thus the effect of increas- 
ing the spectrum accumulation time is simply to increase 
the counting statistics and the signal-to-noise ratio. In 
addition, the practically nondestructive nature of this 
mass spectrometric technique allows us to carry out mi- 
croscale chemical reactions of the surface-bound pep- 
tides with various enzymes subsequent to the initial 
mass analysis. The resulting products from the enzy- 
matic reaction(s) can then be analyzed mass spectromet- 
rically to obtain structural details of the peptide(s). The 
accuracy of the mass determinations was generally bet- 
ter than 300 ppm. 

Enzyme-catalyzed reactions and subsequent mass spec- 
trometric analysis of the reaction products. The sample 
insertion probe containing the NC-bound peptide was 
removed from the mass spectrometer after obtaining the 
mass spectrum of the unreacted peptide. Between 10 -11 

and 10 -1° mol of the desired enzyme was applied to the 
surface of the NC-bound peptide in a 5-~1 drop. The en- 
zyme solution was spread and maintained in contact 
with the sample using a microscope coverslip. The reac- 
tions were carried out at 37°C for periods ranging from 
5 to 20 min. The coverslip was then removed and the 
reacted surface was inserted into the mass spectrometer 
where the volatile reagents were evaporated and the 
spectrum of the remaining reaction products was ob- 
tained. In some cases further reactions were carried out 
on the same surface and were in turn reinvestigated 
mass spectrometrically. 

Solutions of proteinase K (pH 8.5-9.0), a-chymotryp- 
sin (pH 8.5), trypsin (pH 8.0), and carboxypeptidase B 
(pH 8.0) were prepared in 0.05 M NH4HCO3. 

RESULTS AND DISCUSSION 

Melittin. High resolution reverse-phase HPLC anal- 
ysis (X = 220 nm) of the purified synthetic melittin sam- 
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FIG.  2. 252Cf plasma desorption time-of-flight mass  spectra of the purified synthetic mellitin product (10 -9 tool) bound to a th in  film of 
nitrocellulose. (a) Prior to any enzymatic t reatment .  (MI+H) + and (MI+2H) 2+ are singly and doubly protonated ions of authentic  mellitin. 
(M~+H) + and (M~+2H) 2+ are similar ions of an impurity with molecular mass  ca. 28 Da higher than  tha t  of mellitin. X, Y, and Z result from 
unidentified impurities. (b) Following a 10-min digestion with trypsin (10 -11 mol, pH 8.0) at 37°C. The  residues contained in each hydrolysis 
product ion are indicated on top of the corresponding peak. For example, (1-22) + represents the protonated tryptic f ragment  of mellitin, M1, 
which contains residues 1 to 22 and (1-22) + represents the protonated ion of the corresponding tryptic f ragment  from the mellitin impurity, 
M~. The  mass  separation between the members  of each such pair of ions is 28 Da. The  observed and calculated m/z values are given in Table 1. 
(c) Following a 10-min reaction with proteinase K (10 -l° tool, pH 8.5) at 37°C. (d) Following a 10-min reaction with a-chymotryps in  (10 -l° mol, 
pH 8.5) at 37°C. Ions A, B, and C were not  identified. 
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TABLE 1 

Comparison of Observed and Calculated Molecular Weights for Tryptic Fragments  
of NC-Bound Melli t in and Melli t in Impuri ty 

391 

Observed Calculated Observed Calculated 
Tryptic product molecular molecular Tryptic product molecular molecular 

ion species a weight weight A ~ ion species ~,c weight weight A b 

(1-7) + 656.7 656.7 0.0 (1-7) + - -  684.7 - -  
(8-21) + 1511.0 1511.9 -0.9 (8-21) + 1538.9 1539.9 -1.0 
(8-22) + 1668.1 1668.1 0.0 (8-22) + 1696.2 1696.1 +0.1 
(8-23) + 1796.3 1796.3 0.0 (8-23) + 1824.0 1824.3 -0.3 
(1-21) + 2150.6 2150.6 0.0 (1-21) + 2178.2 2178.6 -0.4 
(1-22) + 2306.8 2306.8 0.0 (1-22) + 2335.2 2334.8 +0.4 
(1-23) + 2434.8 2435.0 -0.2 (1-23) + 2462.7 2463.0 -0.3 
(1-24) + 2591.3 2591.2 +0.1 (1-24) + 2619.2 2619.2 0.0 
(1-24) 2+ 2591.2 d 2591.2 0.0 (1-24)~ + 2619.0 2619.2 -0.2 
(1-26) + Calibration 2846.4 - -  (1-26) + 2874.5 2874.4 +0.1 

mass e 
(1-26) 2+ 2846.8 2846.4 +0 .4  (1-26)i 2+ 2875.0 2874.4 +0.6 

The ion species is designated (j-k) n+. j denotes the amino-terminal residue and k the carboxyl-terminal residue of the tryptic fragment of 
mellitin, n denotes the number of charges (protons) attached to the fragment. 

b A, observed molecular weight - calculated molecular weight. 
c i denotes the tryptic fragments obtained from the impurity mellitin species. 
d The molecular weights of doubly protonated species are obtained by multiplying the m/z values by 2 and then subtracting 2.0 Da. 
e To obtain the highest possible mass accuracy for the tryptic fragments, a calibration was made using the Na ion at m/z 23 and the protonated 

mellitin ion at m/z 2846.4 as described previously (29). 

ple  y ie lded  a s ingle  c o m p o n e n t  p e a k  sugges t ing  t h a t  the  
s ample  was  pure .  I n s p e c t i o n  of the  252Cf p l a s m a  desorp-  
t i o n  m a s s  s p e c t r u m  o b t a i n e d  f rom 10 -9 mo l  of t h i s  me l i t -  
t i n  s ample  b o u n d  to  N C  (Fig. 2a), however ,  i n d i c a t e d  t he  
p r e sence  of two d i s t i n c t  pep t i de  c o m p o n e n t s  ( de s i gna t e d  
M1 a n d  Mil). E a c h  of these  c o m p o n e n t s  is obse rved  in  
the  fo rm of  a s ing ly  a n d  a d o u b l y  p r o t o n a t e d  ion  species.  
T h e  m e a s u r e d  m/z va lues  of the  ions  a t  2848.1 a n d  
1424.6 c o r r e s p o n d  closely to those  expec ted  for s ing ly  
a n d  d o u b l y  p r o t o n a t e d  m e l i t t i n  ( ca lcu la t ed  va lues  are 
2847.4 a n d  1424.2, respec t ive ly) .  T h e  m/z va lues  of the  
ions  a t  2875.8 a n d  1438.5 c o r r e s p o n d  to  a s ing ly  a n d  dou-  
b ly  p r o t o n a t e d  i m p u r i t y  w i th  m o l e c u l a r  m a s s  28 D a  
h ighe r  t h a n  t h a t  m e a s u r e d  for me l l i t i n .  T h e s e  m/z val-  
ues  were o b t a i n e d  u s i n g  a c a l i b r a t i o n  b a s e d  o n  t he  
k n o w n  m/z va lues  of the  H + a n d  N a  + ions  w h i c h  are al- 
ways  p r e s e n t  i n  p l a s m a  d e s o r p t i o n  m a s s  spec t r a  (11). 
Because  of the  l i m i t e d  r e s o l u t i o n  of t he  p l a s m a  desorp-  
t i o n  t ime-o f - f l i gh t  m a s s  s p e c t r o m e t e r ,  i n d i v i d u a l  isoto-  
pic peaks  are  n o t  reso lved  above  m/z 1000. M o l e c u l a r  
we igh t  m e a s u r e m e n t s  are  t he re fo re  m a d e  by  d e t e r m i n -  
ing  the  c e n t r o i d  of  t he  enve lope  of the  i so tope  d i s t r i bu -  
t ion .  T h e  r e s u l t i n g  average  m o l e c u l a r  we igh t s  are  t h e n  
c o m p a r e d  w i th  the  average  m o l e c u l a r  we igh t s  c a l c u l a t e d  
u s i n g  the  n a t u r a l  i so topic  a b u n d a n c e s  (11). T h e  
( M I + H )  + a n d  (M~+H)  + ion  peaks  (Fig. 2a) are  obse rved  
wi th  re la t ive  i n t e n s i t i e s  of  70:30. S ince  these  two pep-  
t ides  are a l m o s t  i d e n t i c a l  (see la ter ) ,  t h e i r  m a s s  spec t ro-  
me t r i c  r e sponse s  are expec ted  to  be ve ry  s imi la r .  T h u s  
the  obse rved  re la t ive  ion  i n t e n s i t i e s  are expec ted  to 
c losely ref lect  the  r e l a t ive  a m o u n t s  of the  two compo-  

n e n t s  p r e s e n t  i n  the  sample .  S ince  T r p ( F o r )  was  used  in  
the  syn thes i s ,  t he  obse rved  i m p u r i t y  is l ike ly  the  r e su l t  
of  e i the r  a n  i n c o m p l e t e  d e p r o t e c t i o n  of T r p ( F o r )  or a 
t r a n s f o r m y l a t i o n  m o d i f i c a t i o n  r e a c t i o n  d u r i n g  depro tec-  
t i o n  (3,20,22). T h e  s imple  m o l e c u l a r  we igh t  of the  i m p u -  
r i ty  does no t ,  however ,  p rov ide  d i rec t  i n f o r m a t i o n  on  the  
ac tua l  l oca t i on  of the  fo rmyl  group.  I n  order  to ex t r ac t  
such  i n f o r m a t i o n ,  we ca r r i ed  ou t  a series of e n z y m e - c a t -  
a lyzed  hydro lys i s  r e a c t i ons  on  the  s a m p l e  m i x t u r e  con-  
t a i n i n g  b o t h  the  a u t h e n t i c  m e l i t t i n  a n d  the  i m p u r i t y .  
T h e  p r oc e du r e  is desc r ibed  below. 

T h e  s ample  u sed  to o b t a i n  the  s p e c t r u m  s h o w n  in  Fig. 
2a was r e m o v e d  f rom the  m a s s  s p e c t r o m e t e r  a n d  t r e a t e d  
w i th  10 -11 mol  of t r y p s i n  for 10 m i n  a t  37°C. T h e  t r y p s i n -  

MELLITIN 

Trypsin I 

Proteinase K T 

5 9 13 17 

:G IGAV L 3 L PA LIS 

Chymotrypsin I 
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WIK ~,'L ~ ~-~ < :~IQQ,~II 

FIG. 3. A summary of all the mass spectrometrically observed enzy- 
matically generated fragments of mellitin. These results are obtained 
from the data shown in Fig. 2 for the digestion of mellitin by trypsin, 
proteinase K, and a-chymotrypsin, respectively. 
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FIG.  4. Fission fragment mass spectrum of 10 .9 mol of [Bpa-8]Dyn A sample bound to a NC surface. (M2+H) + and (M~+H) + are protonated 
ions of respectively intact [Bpa-8]Dyn A and an impurity present in the sample with molecular mass 28 Da higher than that  of M2. Three 
different series of fragment ions are present, denoted Aj, C~', and Aj-R. These labels refer to the fragmentation notation shown in Scheme I and 
described in the text. R denotes portions of the side groups of various amino acid residues. Fragment ions formed from the impurity M~ are 
designated with a superscript i. Since A series ions from M~ occur at the same masses as B series ions from M2, the peaks labeled A~ cannot be 
unambiguously assigned. 

treated sample was then reinserted into the mass spec- 
t rometer  to give the spectrum shown in Fig. 2b. A series 
of new peaks corresponding to products of hydrolysis at 
the carboxytermini of the lysine and arginine residues 
present in the melittin and the melittin impurity were 
clearly observed in the mass spectrum. The identities of 
these products, as deduced from the measured m/z val- 
ues given in Table 1, are indicated above the peaks in 
Fig. 2b. The series of observed tryptic fragments are 
summarized diagrammatically in Fig. 3 together with the 
results from other enzymatic t reatments  (see later). The  
tryptic fragments observed in Fig. 2b occur as paired 
peaks, 28 Da apart. The  lower mass component of each 
pair of peaks (e.g., (1-22) + representing prot0nated mel- 
ittin (1-22)) originates from the authentic melittin, 
while the upper component (e.g., (1-22)+) originates 
from the formylated melittin impurity. Since all the 
fragments are observed as doublets we can deduce that  
the formyl group in the impurity, M~, is located between 
residues 8 and 21 inclusive. 

The position of the formyl group in the impurity mel- 
ittin (M~) was more tightly established by t rea tment  
~vith proteinase K of a freshly deposited sample of the 
mixture on NC~ The mass spectrum of the resulting hy- 
drolysis products (Fig. 3) is shown in Fig. 2c. All of the 
enzyme-generated fragment ions in the mass spectrum 
occur as pairs 28 Da apart  with the exception of the ion 
a t t h e  m/z 957.3. We attribute this ion to the fragment 
(20-26) + having a Calculated m/z 956.1. The absence of 
a 'companion ion peak 28 Da higher indicates tha t  the 
formyl group in the impurity melittin is not  located be- 
tween residues 20 and 26 inclusive. On the other hand, 
the presence of the pair (19-26) + (observed m/z 1143.2, 
calculated m/z 1143.3) and (19-26) + (observed m/z 
1170.8, calculated m/z 1171.3) which are ca. 28 Da apart 

indicates that  the formyl group is present between resi- 
dues 19 and 26 inclusive of the impurity melittin. There- 
fore, the formyl group is located on tryptophan-19 of the 
impurity melittin species. 

Supporting evidence for the location of the formyl 
group on tryptophan-19 was deduced from the mass 
spectrum (Fig. 2d) obtained after a-chymotrypsin treat- 
ment  of the melittin sample (Fig. 3) bound to NC for 10 
min at 37°C. Here too a single peak (20-26) + with m/z 
956.6 (calculated rn/z 956.1) was observed with no ac- 
companying (20-26) + peak, again indicating the absence 
of the formyl group in residues 20-26. Interestingly, the 
peak which we attribute to (1-19) + (observed m/z 
1910.2, calculated m/z 1910.3) also has no correspond- 
ing (1-19) + peak. One would deduce from this finding 
that  the formyl group is also absent from residues 1-19. 
However, this is not the case because the presence of the 
formyl group on the indole nitrogen of the Trp  greatly 
reduces the rate of hydrolysis at Trp by a-chymotrypsin. 
This result was confirmed in a separate experiment by 
comparing the rates of hydrolysis by a-chymotrypsin of 
[Bpa-8][Trp(For)-14]Dyn A (1-17) with [Bpa-8]Dyn A 
(1-17). We found (data not shown) that  the rate of hy- 
drolysis at Trp(For)  was more than an order of magni- 
tude slower than that  at unprotected Trp. Thus the non- 
observation of (1-19) + provides additional evidence that  
the formyl group is present on Trp-19 in the impurity. 
Another manifestation of the reduced rate of hydrolysis 
at Trp(For)-19 is the enhanced intensities observed in 
Fig. 2d of (10-26) + and (7-26) + compared to those of (10- 
26) + and (7-26) + . 

[Bpa-8]dynorphin A (1-17). High resolution re- 
verse-phase HPLC analysis (X = 260 nm) of the syn- 
thetic dynorphin product yielded two closely spaced 
peaks with nearly equal intensities (Fig. lb). Inspection 
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of the mass spectrum of 10 -9 mol of this product bound 
to NC (Fig. 4) also showed the presence of two peptide 
components, M2 and M~, with observed relative intensi- 
ties (peak areas) of 58:42, The most intense ion (M2+H) + 
had an observed m/z 2286.8 in close agreement with the 
value of 2286.5 calculated for [Bpa-8]Dyn A (1-17). The 
ion arising from the second component,  observed at m/z 
2315.0 is an impurity with m/z ca. 28 Da higher than 
that  measured for authentic [Bpa-8]Dyn A (1-17). The 
28 Da mass difference implies the presence of a formyl 
group in this dynorphin impurity. Doubly protonated 
ions of the two components are also observed in the mass 
spectrum. The other ions in Fig. 4 result from the unimo- 
lecular fragmentation of the (M2+H) + and (Mi2+H) + 
during the 252Cf plasma desorption ionization process. 
The identities of these fragment ions are indicated by 
the peak labels which refer to the notat ion (30) in 
Scheme I. The double prime on the C-series notation 
used in Fig. 4 indicates the transfer of a hydrogen atom 
to the protonated fragment. It should be noted that  the 
A series fragment ions from the Dyn impurity (M~) occur 
at the same masses as the B series fragment ions from 
[Bpa-8]Dyn A (1-17) (M2). Because of this unfortunate 
coincidence, the site of a t tachment  of the formyl group 
on the dynorphin impurity cannot be unambiguously de- 
duced from the unimolecular fragmentation data. How- 
ever, since no fragment ions are observed 28 Da higher 

than A~, AT, As, and A10, we can conclude that  the formyl 
group is absent from residues 1-10 of M~ and therefore 
must be present in residues 11-17. In order to obtain 
more specific information regarding the site of formyla- 
tion we subjected the NC-bound Dyn sample mixture to 
enzymatic degradation. 

The mass spectrum obtained following a 10-min diges- 
tion of 10 -9 mol of the NC-bound Dyn sample mixture 
with 10 -1° mol of ~-chymotrypsin (pH 8.5) at 37°C is 
given in Fig. 5. Intense pairs of chymotryptic fragment 
ions containing residues 5-14, 6-14, and 1-14 are ob- 
served. The members of each pair are separated by 28 
Da. It should be noted that, in contrast  to the results 
obtained with the melittin sample mixture (Fig. 2d), the 
impurity Dyn (M~) is cleaved at the Trp-14 by a-chymo- 
trypsin. Furthermore,  the relative intensities of the frag- 
ment ions in each pair are similar to the relative intensi- 
ties of (M2+H) + and (M~+H) +. This implies tha t  the 
rates of the cleavage reaction at Trp-14 in both the au- 
thentic and the impurity Dyn A are similar. By contrast, 
in a separate experiment we determined that  the rate of 
cleavage of formylated Trp in [Bpa-8] [Trp (For)- 14] Dyn 
A (1-17) by a-chymotrypsin was more than an order of 
magnitude slower than that  of unformylated Trp. From 
the observation of the pair of chymotryptic fragment 
ions (6-14) + and (6-14) + we thus deduce that  the formyl 
group has migrated to the region between residues 6 and 

8OO 
(1-14) + 

(6-14)+ >- 

(6-14)~ (5-14}* 

z h 

I I 

(1-14); 

(M2+H} + 

I 

1350 1600 1850 2100 2350 
M/Z 

FIG.  5. Mass spectrum of the [Bpa-8]Dyn sample mixture bound to a NC surface after digestion with 10 -1° mol a-chymotrypsin  (pH 8.5 for 
10 min at 37°C). (M2+H) + and (M~+H) + are respectively protonated [Bpa-8]Dyn A and an impurity of mass  28 Da higher than  tha t  of M2. 
Chymotryptic f ragment  ions formed from the hydrolysis of the impurity M~ are designated with a subscript i. 
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FIG. 6. Mass spectra of 10 -9 mol of the [Bpa-8]Dyn A sample mixture following (a) a 10-min digestion with proteinase K (10 -1° mol, pH 9.0) 
and (b) a successive treatment of the proteinase K-digested sample shown above with carboxypeptidase B (10 11 mol, pH 8) for 10 min at 37°C. 

13 inclusive. We  previous ly  deduced f rom the  mass  spec- 
t romet r i c  f r agmen t a t i on  da ta  t h a t  the  formyl  group was 
p re sen t  in residues 11-17. Combin ing  these  two resul ts  
we conclude t h a t  the  fo rmyl  group has  mig ra t ed  to the  
region 11-13. 

In  order  to de t e rmine  which  of residues 11-13 i s /a re  
fo rmyla ted  in Mi2, a f reshly  deposi ted  sample  of  the  Dyn  
mix tu re  was t r ea t ed  wi th  p ro te inase  K (10 -1° mol  for 10 
min  a t  37°C, p H  9.0) on NC. A por t ion  of the  mass  spec- 
t r u m  (m/z 1600-2400) of  the  resul t ing hydrolysis  prod-  
ucts  is shown in Fig. 6a. Peaks  cor responding  to M2 and  
M~ are a lmos t  absen t  indica t ing  v i r tua l ly  comple te  enzy-  
mat ic  f r agmen ta t i on  of the  s ta r t ing  mater ia ls .  T h e  ob- 
se rva t ion  of  the  pa i r  of  peaks  (1-13) + again  shows t h a t  
the  fo rmyl  group has  mig ra t ed  to residues 1-13. A num-  
ber  of  o ther  s t ruc tura l ly  in fo rmat ive  f r agm en t  ions were 
observed  (da ta  not  shown) including the  pa i r  corre-  
sponding  to (6-11) + and  (6-11) + . T a k e n  toge the r  wi th  
the  previous ly  descr ibed results ,  the  observa t ion  of  these  
la t te r  peaks  d e m o n s t r a t e  t h a t  a t  leas t  some of the  fo rmyl  
groups have  mig ra t ed  to L y s - l l .  

After  the  mass  spec t rum of the  p ro te inase  K - t r e a t e d  
Dyn  sample  mix tu re  was ob ta ined  (Fig. 6a), the  NC-  
bound  digest ion p roduc t s  were fu r the r  t r ea t ed  wi th  car-  
boxypep t idase  B (CPB) (10 -11 mol  for 10 min  a t  37°C, 

p H  8.0). T h e  spec t rum of the  resul t ing react ion  products  
is shown in Fig. 6b. Any C- t e rmina l  Lys  or Arg residues 
which are p re sen t  on the  p ro te inase  K - g e n e r a t e d  frag- 
m e n t s  are specifically r emoved  by  CPB.  T h u s  the  dou- 
ble t  compr i sed  of (1-13) and  (1-13)i was c leaved to pro-  
duce f r agmen t s  (1-12) and  (1-12)i.  Of  special  in teres t  is 
the  comple te  d i sappearance  of (1-13) and  the  survival  of 
a po r t ion  of (1-13)i. These  resul ts  can  be readily under -  
s tood if we assume  t h a t  C P B  cleaves C- te rmina l  
Lys(For)  a t  a s ignif icantly slower ra te  t h a n  Lys. T h e  ob- 
se rva t ion  of  residual  (1-13) + (Fig. 6b) t h e n  conf i rms the  
p resence  of some fo rmyla t ion  on Lys-13 of M~. T h e  ob- 
se rva t ion  of the  (1-12) + and  (1-12) + double t  demon-  
s t ra tes  t h a t  L y s - l l  of  M~ is also par t ia l ly  fo rmyla t ed  
since it is unl ikely  t h a t  Leu-12 will be thus  modified. Ad- 
di t ional  conf i rmat ion  of th is  f inding was evident  f rom 
the p resence  of (6-11) + and  (6-11) + in the  lower por t ion  
of  the  mass  spec t rum of the  p ro te inase  K - t r e a t e d  sam-  
ples (data  not  shown).  T h u s  we conclude t h a t  the  fo rmyl  
group is no longer located on Trp -14  of M~ and  has  mi-  
gra ted  to the  ne ighbor ing  lysine residues.  

CONCLUSION 

T h e  presence  of fo rmyla t ed  impur i t ies  in two syn- 
the t ic  t r y p t o p h a n - c o n t a i n i n g  pept ide  samples  was de- 
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t e c t e d  b y  2~2Cf p l a s m a  d e s o r p t i o n  m a s s  s p e c t r o m e t r y .  
T h e  s i t e s  o f  f o r m y l a t i o n  we re  d e t e r m i n e d  u s i n g  a se lec-  
t i o n  o f  e n z y m a t i c  r e a c t i o n s  on  m o n o l a y e r  a m o u n t s  o f  
pep~ ide  s a m p l e s  b o u n d  to  n i t r o c e l l u l o s e  f o l l o w e d  b y  
m a s s  s p e c t r o m e t r i c  a n a l y s i s  o f  t h e  r e a c t i o n  p r o d u c t s .  I n  
t h e  case  o f  t h e  m e l i t t i n  s a m p l e ,  we f o u n d  t h a t  t h e  i m p u -  
r i t y  was  due  to  r e s i d u a l  f o r m y l  m o i e t i e s  on  T r p - 1 9  w h i c h  
were  n o t  e f f i c i en t ly  r e m o v e d  d u r i n g  t h e  low H F  d e p r o -  
t e c t i o n  p r o c e d u r e  (25,22).  B y  c o n t r a s t ,  in  t h e  case  o f  t h e  
[ B p a - 8 ] D y n  A (1 -17)  s a m p l e ,  we f o u n d  t h a t  t h e  i m p u -  
r i t y  o r i g i n a t e d  f r o m  t h e  m i g r a t i o n  o f  t h e  T r p  f o r m y l  
g r o u p  to  t h e  n e i g h b o r i n g  L y s - l l  o r  L y s - 1 3  r e s i d u e s  d u r -  
i ng  p i p e r i d i n e  d e p r o t e c t i o n .  

W e  h a v e  f o u n d  t h r o u g h  t h e  a n a l y s i s  o f  t h e  p e p t i d e s  
d i s c u s s e d  h e r e  as  wel l  as  a n u m b e r  o f  o t h e r  T r p - c o n t a i n -  
i n g  s y n t h e t i c  p e p t i d e s  (e.g., see  Ref .  (14)) t h a t  c o m p l e t e  
r e m o v a l  o f  t h e  T r p  f o r m y l  g r o u p  is h i g h l y  p r o b l e m a t i c .  
S i n c e  r e v e r s e - p h a s e  H P L C  does  n o t  a l w a y s  r e so lve  t h e  
f o r m y l a t e d  f r o m  t h e  d e f o r m y l a t e d  p e p t i d e ,  t h e  p r e s e n c e  
o f  t h e s e  i m p u r i t i e s  f r e q u e n t l y  goes  u n d e t e c t e d .  O u r  
f i n d i n g s  a l so  i n d i c a t e  t h a t  t h e  s p e c t r o p h o t o m e t r i c  
m e t h o d  o f t e n  u s e d  to  a s s e s s  t h e  deg ree  o f  f o r m y l  d e p r o -  
t e c t i o n  o f  T r p  m a y  n o t  a l w a y s  be  a d e q u a t e .  T h u s  t h e  
p r e s e n t  t e c h n i q u e  p r o v i d e s  v a l u a b l e  i n f o r m a t i o n  to  t h e  
s y n t h e t i c  p e p t i d e  c h e m i s t  r e g a r d i n g  t h e  e f f i c i ency  o f  t h e  
c h o s e n  d e p r o t e c t i o n  m e t h o d  a n d  t h e  p r e s e n c e  a n d  i d e n -  
t i t y  o f  u n w a n t e d  b y - p r o d u c t s .  

T h e  use  o f  t h e  p r e s e n t  t e c h n i q u e  is b y  no  m e a n s  l im-  
i t e d  to  p r o v i d i n g  i n f o r m a t i o n  i n v o l v i n g  f o r m y l a t e d  im-  
p u r i t i e s .  W e  b e l i e v e  t h a t  m a n y  o t h e r  p e p t i d e  b y - p r o d -  
u c t s  c a n  be  s t u d i e d  in  a m a n n e r  s i m i l a r  to  t h a t  d e s c r i b e d  
in  t h i s  p a p e r  a n d  t h a t  t h e  t e c h n i q u e  wi l l  p r o v i d e  v a l u -  
ab l e  c o m p l e m e n t a r y  i n f o r m a t i o n  to  t h a t  p r o v i d e d  b y  t h e  
m o r e  e s t a b l i s h e d  m e t h o d s .  
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