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ABSTRACT 

The complexity of protein pharmaceutical s necessitates a 

mu1 ti faceted approach to their characterization, stabilization, 

and development. The combined use of spectroscopic, 

hydrodynamic, chromatographic and thermodynamic methods to 

evaluate various levels of macromolecular structure is 

described. Near future developments in our ability to evaluate 

protei ns at high structural resol uti on are a1 so cons1 dered. 

DISCUSSION 

The emerging use of proteins produced by recombinant DNA 

technologies as pharmaceuticals has resulted in an increased 

interest in the characterization of these large molecules. If 

possible, one must demonstrate the structural identity of 

recombi nantly manufactured proteins and their natural 

homologues and/or the maintenance o f  the structural and 
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2636 MI DDAUGH 

b i o l o g i c a l  i n t e g r i t y  o f  the g e n e t i c a l l y  engineered molecules 

throughout t h e i r  l i f e t i m e .  Un l i ke  lower  molecular weight 

compounds whose i d e n t i t y  and correctness o f  s t r u c t u r e  can 

r e l i a b l y  be establ ished by chromatographic behavior and one o r  

a f e w  simple s t r u c t u r a l  determinat ions (e.g. NMR, FTIR,  M S ) ,  

much more e laborate procedures a re  c u r r e n t l y  necessary t o  

accomplish t h i  s t ask  w i  t h  p ro te ins .  This add! t i o n a l  e f f o r t  

a r i s e s  d i r e c t l y  from the  i n t r i n s i c  s t r u c t u r a l  complexi ty o f  

pept ide macromolecules. 

Prote ins a re  encountered i n  a wide v a r i e t y  o f  s izes and 

shapes. They range i n  molecular weight from a f e w  thousand 

Daltons i n t o  the m i l l i o n s .  While many possess roughly  g lobu la r  

shapes, they are a l s o  found i n  elongated forms i n c l u d i n g  f i b e r s  

as w e l l  as i n  more def ined con f igu ra t i ons  such as the 

pentameric s p i d e r - l i k e  immunoglobulin M molecule and the  hydra 

headed f i r s t  component o f  complement, Clq.  They a l s o  d i s p l a y  

considerable m i  croheterogeni ty, f u r t h e r  compl i c a t i  ng t h e i r  

desc r ip t i on .  Related t o  t h i s  s t r u c t u r a l  complexi ty i s  the 

marginal conformational s t a b i l i t y  o f  p r o t e i n s  which are 

maintained i n  t h e i r  unique th ree  dimensional form by u s u a l l y  

o n l y  2-15 Kcal o f  f r e e  energy. The s p e c i f i c  b i o a c t i v e  form o f  

a p r o t e i n  i s  consequently very s e n s i t i v e  t o  s o l u t i o n  cond i t i ons  

of  temperature, pH, i o n i c  s t reng th  and the presence o f  s p e c i f i c  

s o l u t i o n  components. The condi t ions under which a p r o t e i n  i s  

opt imal l y  stab1 e must u s u a l l y  be determined emp i r i ca l  ly .  A s  

our  understanding o f  the b i o l o g i c a l  environment i n  which a 
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PHARMACEUTICAL DEVELOPMENT OF PROTEINS 2637 

p a r t i c u l a r  p r o t e i n  evo l  ved improves, we may r e c e i v e  some 

guidance i n  t h i s  rega rd .  Th is  i s  e s p e c i a l l y  t h e  case f o r  

s i t u a t i o n s  o f  h i g h  thermodynamic a c t i v i t y  s i n c e  t h e  presence o f  

o t h e r  macromolecular  s t r u c t u r e s  i n  v i v o  produces l a r g e  exc luded 

volume e f f e c t s  which i n  t u r n  l e a d  t o  l a r g e  a c t i v i t y  

c o e f f i c i e n t s  f o r  i n d i v i d u a l  macromolecules. 

The f i n e  s t r u c t u r a l  d e t a i l s  o f  p r o t e i n s  l e a d  d i r e c t l y  t o  

t h e i r  e x q u i s i t e  s p e c i f i c i t y  and h i g h  b i o l o g i c a l  potency.  Th is  

i s  w e l l  i l l u s t r a t e d  by t h e  f i n e  s t r u c t u r e  o f  an t i body  combining 

s i t e s .  C r y s t a l  s t r u c t u r e s  o f  severa l  immunoglobul ins c l e a r l y  

show a h i g h l y  convo lu ted ,  i n t r i c a t e  su r face  a r c h i t e c t u r e  formed 

from h y p e r v a r i a b l e  reg ions  capable o f  un ique,  m u l t i p o i n t  i n t e r -  

a c t i o n  w i t h  an t i gen .  The a d d i t i o n  o r  loss  o f  a s i n g l e  c o n t a c t  

p o i n t  between a n t i g e n  and a n t i  body can d r a m a t i c a l l y  a1 t e r  

s p e c i f i c i t y .  A consequence o f  h i g h  s p e c i f i c i t y  and po tency  i s  

t h e  requ i rement  f o r  low concen t ra t i ons  o f  p r o t e i n ,  necess i  t a t -  

i ng p a r t i  c u l  a r l  y r i  gorous , anal  y t i  c a l  methodol o g i  es  . 
Owing t o  t h e  normal comp lex i t y  o f  p r o t e i n  s t r u c t u r e ,  i t  

i s  conven ien t  t o  recogn ize  v a r i o u s  l e v e l s  o f  such s t r u c t u r e ,  

b o t h  f o r  conceptual  and a n a l y t i c a l  purposes. The p r i m a r y  

s t r u c t u r e  o f  a p r o t e i n  i s  t h e  l i n e a r  o r d e r  o f  t h e  amino a c i d s  

t h a t  c o n s t i t u t e  i t s  p o l y p e p t i d e  cha in (s1 .  A complete 

d e s c r i p t i o n  o f  a p r o t e i n ' s  p r i m a r y  (chemica l ,  c o v a l e n t )  

s t r u c t u r e  may a l s o  i n c l u d e  i d e n t i f i c a t i o n  o f  g l y c o s y l a t i o n  o r  

o t h e r  m o d i f i c a t i o n  s i t e s  (e .g .  s u l f a t i o n ,  phosphory la t i on )  as 

w e l l  as a d e s c r i p t i o n  o f  t h e  m o d i f y i n g  e n t i t i e s  themselves.  
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MIDDAUGH 2638 

For s impl ic i ty ,  we w i l l  omit the important considerations of 

glycosylation and other  covalent addi t ions and focus on the 

polypeptide portion of the protein molecule. 

Although i t  i s  sometimes s ta ted  t h a t  the  sequence of a 

protein d i r e c t l y  determines higher order s t ruc tu re ,  t h i s  i s  

usual l y  an over-simp1 i f i  cation especial  l y  f o r  analyt i  cal 

purposes. A p r o t e i n ' s  secondary s t ruc tu re  i s  defined as  the 

s t ruc tu re  t h a t  forms as a r e s u l t  of local in te rac t ion  w i t h i n  a 

polypeptide chain. Most commonly we recognize a-hel ices ,  

0-sheets and turn regions i n  th i s  category w i t h  remaining 

s t r u c t u r e  grouped i n t o  an "other" o r  "disordered" c l a s s .  I t  

has recent ly  become convenient t o  recognize a "super-secondary" 

type of s t ruc tu re  describing assemblies of secondary s t ruc tu re  

elements by t h e i r  common appearance (e .g .  Greek-key motifs,  

0-barrel s ,  e t c .  1, b u t  t h i  s subdi v i  s i o n  w i  1 1  not be considered 

here because of the r e l a t i v e l y  experimentally inaccessible  

nature of such s t ruc tu res .  Ter t ia ry  s t ruc tu re  i s  considered t o  

include those aspects of chain folding t h a t  r e s u l t  from more 

d i s t a n t  i n t e rac t ions  within the  polypeptide chain. A complete 

three-dimensional descr ipt ion of a protein molecule i s  

e s s e n t i a l l y  a descr ip t ion  of i t s  t e r t i a r y  s t ruc tu re .  Quarter-  

nary s t ruc tu re  r e f l e c t s  i n t e rac t ions  between polypeptides and 

most commonly can be equated w i t h  the  subunit  s t ruc tu re  of a 

protein.  F ina l ly ,  i t  should be recognized t h a t  a f i f t h  level 

of s t ruc tu re  descr ipt ion may eventually play an important ro l e  
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PHARMACEUTICAL DEVELOPMENT OF PROTEINS 2639 

in the overall description of proteins. This is the dynamic 

structure of a protein molecule. It is now clear that proteins 

exist in a large number of structurally distinct conformations 

undergo! ng rapid i nterconversion at solution temperatures. The 

motions o f  the protein responsible for these effects range in 

scale from simple rotations of side chains to larger 

cooperative movements of regions of polypeptide chains (i .e. 

breathing modes). An example with known physiological 

significance is the movement of the Fab arms o f  immunoglobulins 

which facilitates antigen crossfinking. 

Given the hierarchical nature of protein structure, two 

approaches exist to test for the proper structure o f  a 

protein. Ideally one would employ a technique that monitors 

several aspects of protein structure simultaneously. 

Sufficient information should be contained in any such 

measurement that structural changes of virtually any type and 

magnitude are detectable. In principle, two such techniques 

exist, but neither is currently readily applicable to the 

pharmaceuti cal analysi s of proteins. The first is X-ray 

crystallography. A1 though this approach gives detailed, high 

resolution structural information about a protein, it requires 

highly ordered crystals, large amounts of material, and cannot 

be applied under solution conditions. Thus, it seems unlikely 

that crystallography will be directly employed as a tool for 

the pharmaceutical development of proteins in the near future. 
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2640 MIDDAUGH 

The second method t h a t  might be employed i s  nuclear magnetic 

resonance (NMR) i n  a two o r  h igher  dimensional format.  This 

method i s  d i r e c t l y  app l i cab le  t o  p r o t e i n s  i n  s o l u t i o n  and has 

the p o t e n t i a l  t o  supply h igh  r e s o l u t i o n  s t r u c t u r a l  in format ion.  

Un fo r tuna te l y ,  NMR s u f f e r s  from two c r i t i c a l  l i m i t a t i o n s .  I t  

requ i res  h igh  concentrat ions o f  p r o t e i n  ( t y p i c a l l y  m i l l i m o l a r )  

and can o n l y  be app l i ed  t o  small p r o t e i n s  ( l e s s  than twenty 

thousand molecular weight ) .  

Because of these problems, c rys ta l l og raphy  and NMR are 

o f  use o n l y  under very specia l  cond i t i ons  and an e n t i r e l y  

d i f f e r e n t  approach t o  s t r u c t u r a l  ana lys i s  o f  p r o t e i n s  needs t o  

be under- taken du r ing  the development o f  p r o t e i n  drugs. 

Rather than at tempt t o  o b t a i n  a m u l t i t u d e  o f  s t r u c t u r a l  

i n fo rma t ion  i n  a s i n g l e  measurement, a s e r i e s  o f  measurements 

a re  performed t h a t  focus on the var ious i n d i v i d u a l  elements o f  

p r o t e i n  s t r u c t u r e .  I d e a l l y ,  such techniques should f u l f i l l  t he  

fo l l ow ing  c r i t e r i a :  they should be app l i cab le  over a wide 

range of p r o t e i n  concentrat ion;  they should pe rm i t  measurement 

under vary ing s o l u t i o n  cond i t i ons  ( o f ,  e.g., pH and 

temperature); the presence of exc ip ien ts  should n o t  impede 

measurements; and l i t t l e  o r  no sample p repara t i on  should be 

requi red.  While n o t  a l l  the methods t o  be descr ibed meet these 

requi  rements, the use of mu1 t i  p l  e techniques w i  t h  over1 appi ng 

s e n s i t i v i t y  t o  the var ious features o f  p r o t e i n  s t r u c t u r e  has 

the p o t e n t i a l  t o  b u i l d  a comprehensive p i c t u r e  o f  a p r o t e i n  

under 
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PHARMACEUTICAL DEVELOPMENT OF PROTEINS 2641 

pharmaceut ica l  l y  r e 1  evant  condi t i o n s .  These methods w i  11 now 

be b r i e f l y  examined i n  t e r m s  o f  t h e i r  a b i l i t y  t o  probe t h e  

v a r i o u s  elements o f  p r o t e i n  s t r u c t u r e .  

The p r i m a r y  s t r u c t u r e  o f  a p r o t e i n  can be d i r e c t l y  

determined by automated gas phase sequencing methods. 

Recent ly ,  mass spect roscopy has been used t o  o b t a i n  sequence 

da ta ,  b u t  i n s t r u m e n t a t i o n  f o r  t h i s  purpose c u r r e n t l y  has 

l i m i t e d  a v a i l a b i l i t y .  Both o f  these procedures a r e  v e r y  l a b o r  

i n t e n s i v e  and a r e  n o t  r o u t i n e l y  under taken on p r o t e i n  samples 

d u r i n g  t h e  development process,  b u t  r a t h e r  a r e  per formed o n l y  

on t h e  b u l k  p r o t e i n  m a t e r i a l  a f t e r  manufacture. Most commonly, 

p e p t i d e  mapping i s  done t o  ensure sequence i n t e g r i t y .  I n  t h i s  

procedure,  p r o t e i n  i s chemical l y  o r  enzymati c a l  l y  c leaved and 

f ragments ch romatog raph ica l l y  separated.  The e l u t i o n  behav io r  

o f  t h e  i n d i v i d u a l  fragments can u s u a l l y  be s u f f i c i e n t l y  

o p t i m i z e d  t o  d e t e c t  a l t e r a t i o n s  i n  e l u t i o n  p o s i t i o n  due t o  

c o v a l e n t  changes. Th is  method can o f t e n  be per formed under a 

v a r i e t y  o f  s o l u t i o n  c o n d i t i o n s  ( c h a r a c t e r i z a t i o n  i s  r e q u i r e d  

f o r  each) and i s  r a p i d  and r e p r o d u c i b l e .  The co r rec tness  o f  a 

p r o t e i n ' s  sequence can be l e s s  d i r e c t l y  examined by 

chromatography o f  t h e  i n t a c t  macromolecule. E l e c t r o p h o r e t i c  

methods (e.g.  sodium dodecyl s u l f a t e  po l yac ry lam ide  ge l  

[SDS-PAGE1 , cap i  1 l a r y  zone), HPLC (reversed-phase and 

ion-exchange) , and i soel  e c t r i  c f ocus ing  a r e  o f t e n  used f o r  t h i  s 

purpose. The s e n s i t i v i t y  o f  these methods, e s p e c i a l l y  when 
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2642 MIDDAUGH 

used i n  combination, i s  o f ten  s u r p r i s i n g l y  good bu t  great  care 

must be taken t o  show t h a t  they can de tec t  the s p e c i f i c  changes 

t h a t  can occur w i t h i n  a p a r t i c u l a r  p r o t e i n .  

The present  method o f  choice f o r  analyz ing the  secondary 

s t r u c t u r e  o f  a p r o t e i n  i s  c i r c u l a r  d ichro ism (CD).  I n  t h i s  

method, the unique o p t i c a l  a c t i v i t y  o f  pept ide bonds i n  regu la r  

secondary s t r u c t u r e  i n  the fa r  u l t r a v i o l e t  (185-250nm) i s  

monitored by measuring the  d i f f e r e n c e  i n  absorpt ion o f  l e f t  and 

r i g h t  handed c i r c u l a r l y  p o l a r i z e d  l i g h t .  The major l i m i t a t i o n  

o f  CD i s  i n t e r f e r e n c e  by o the r  agents i n  the UV reg ion.  A 

f a i r l y  wide range o f  p r o t e i n  concentrat ions can be examined by 

j u d i c i o u s  choice o f  o p t i c a l  path length.  Absolute amounts o f  

secondary s t r u c t u r e  can be estimated by reference t o  spect ra o f  

p r o t e i n s  of known secondary s t r u c t u r e  content,  b u t  the pr imary 

value o f  t h i s  technique i n  the pharmaceutical ana lys i s  o f  

p r o t e i n s  i s  i n  searching f o r  changes i n  secondary s t r u c t u r e ,  an 

a p p l i c a t i o n  for  which i t s  s e n s i t i v i t y  i s  i n  t he  one t o  th ree  

percent range. 

The recent  advent o f  Four ie r  t ransform i n f r a r e d  

spectroscopy ( F T I R )  has prov ided another convenient method t o  

moni tor  p r o t e i n  secondary s t r u c t u r e .  The Amide I reg on 

(1600-1700 cm-'1 o f  a p r o t e i n ' s  i n f r a r e d  spectrum conta ns 

s igna ls  c h a r a c t e r i s t i c  o f  t he  var ious types o f  secondary 

s t r u c t u r e .  Spectra can now be obtained i n  water (al though more 

e a s i l y  i n  deuterium oxide) over a wide range o f  p r o t e i n  

D
ru

g 
D

ev
el

op
m

en
t a

nd
 I

nd
us

tr
ia

l P
ha

rm
ac

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
B

ib
lio

te
ca

 A
lb

er
to

 M
al

lia
ni

 o
n 

01
/2

7/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



PHARMACEUTICAL DEVELOPMENT OF PROTEINS 2643 

c o n c e n t r a t i o n s  ( i n  some cases down t o  0.1 mg/ml) and i n  a 

v a r i e t y  o f  phys i  ca l  s t a t e s ,  i n c l  ud i  ng so l  i d s  when sampl i ng 

methods such as d i f f u s e  and i n t e r n a l  r e f 1  ectance a re  employed. 

The use o f  F o u r i e r  s e l f  deconvo lu t i on  and second d e r i v a t i v e  

d a t a  a n a l y s i s  permit  secondary s t r u c t u r e  con ten t  t o  be 

es t imated ,  b u t  l i k e  CD, t h i s  procedure i s  b e s t  u t i l i z e d  i n  a 

comparat ive mode. Raman spect roscopy can a l s o  be employed i n  a 

s i m i l a r  manner, b u t  i s  l i m i t e d  by t h e  v e r y  h i g h  concen t ra t i ons  

usual  l y  needed t o  o b t a i n  spec t ra  o f  s u f f i c i e n t  r e s o l u t i o n  and 

by t h e  occas iona l  problem o f  background f l uo rescence .  

I n  p r i  n c i  p l  e, i n f o r m a t i o n  about  p r o t e i  n secondary 

s t r u c t u r e  i s  a l s o  p resen t  i n  t h e  f a r  UV a b s o r p t i o n  spectrum, 

b u t  f r e q u e n t  l a c k  o f  s u i t a b l e  i n s t r u m e n t a t i o n  (monochrometers 

must extend below 190nm and n i t r o g e n  f l u s h i n g  i s  r e q u i r e d )  and 

i n t e r f e r e n c e  f rom s o l v e n t  a b s o r p t i o n  has so f a r  l i m i t e d  

e x t e n s i v e  a p p l i c a t i o n  o f  t h i s  techno logy .  A s  i n d i c a t e d  above, 

2D-NMR s p e c t r a  a1 so c o n t a i n  secondary s t r u c t u r e  i n f o r m a t i o n  i n  

t h e  form o f  c h a r a c t e r i s t i c  p a t t e r n s  o f  c ross  peaks, b u t  

a t tempts  t o  employ t h i s  method have so f a r  been i n h i b i t e d  by 

problems o f  p r o t e i n  s i z e  and c o n c e n t r a t i o n .  

Comprehensive a n a l y s i s  o f  p r o t e i n  t e r t i a r y  s t r u c t u r e  can 

c u r r e n t l y  o n l y  be per formed by  c r y s t a l  lography  and NMR. Severa l  

methods e x i s t ,  however, t h a t  can p r o v i d e  u s e f u l  i n f o r m a t i o n  

about  c e r t a i n  reg ions  o f  p r o t e i n  molecules.  Many o f  these 

methods focus  on t h e  aromat ic  res idues  o f  p r o t e i n s .  Thus, o n l y  
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2644 MIDDAUGH 

changes i n  s t r u c t u r e  i n  the v i c i n i t y  o f  t ryptophan, t y r o s i n e  

and phenylalanine s ide chains are probed. 

Furthermore, i n  some cases o n l y  combined e f f e c t s  are 

measured, s i  nce mu1 ti p l  e aromati c residues w i t h  over1 appi ng 

spectra are present i n  most p ro te ins .  To our advantage, 

however, the presence o f  s i g n i f i c a n t  q u a n t i t i e s  o f  such amino 

acids i n  p r o t e i n s  may permi t  q u i t e  sub t le  a l t e r a t i o n s  i n  

s t r u c t u r e  t o  be detected. The e a s i l y  obtained near UV 

absorbance spectra of p r o t e i n s  conta in  c o n t r i b u t i o n s  from a1 1 

th ree  aromat ic sidechains. Spectral  p r o p e r t i e s  o f  i n d i v i d u a l  

residues can now be e a s i l y  resolved by d e r i v a t i v e  spectroscopy, 

making t h i s  method of ana lys i s  one o f  i nc reas ing  u t i l i t y ,  

e s p e c i a l l y  w i t h  the i n t r o d u c t i o n  of diode a r r a y  chromatographic 

de tec t i on  sys tems .  I n t r i n s i c  f luorescence spectra o f  p r o t e i n s  

are u s u a l l y  dominated by emission from i n d o l e  s idechains,  i f  

tryptophan i s  present i n  t h e  mol ecul e. The emi  ssion p r o p e r t i e s  

of the i n d o l e  r i n g  are very s e n s i t i v e  t o  t h e  p o l a r i t y  o f  t h e i r  

m i  cro-environment, making t h i  s approach general l y  much more 

s e n s i t i v e  than simple absorbance spectroscopy. Furthermore, 

the a b i l i t y  t o  measure l i f e t i m e s  o f  exc i ted  s tates,  the 

p o l a r i z a t i o n  and i n t e n s i t y  of emit ted l i g h t ,  as w e l l  as 

e x c i t a t i o n  spectra make f luorescence spectroscopy a t o o l  of 

grea t  v e r s a t i l i t y .  The near UV CD spectra o f  p r o t e i n s  a l s o  

conta in  a complex s e r i e s  o f  over lapping peaks due t o  o p t i c a l  

asymmetry i n  the  envi ronment o f  aromatic residues. These 
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PHARMACEUTICAL DEVELOPMENT OF PROTEINS 2645 

s p e c t r a l  f e a t u r e s  a re  f r e q u e n t l y  s e n s i t i v e  t o  t h e i r  

environment, b u t  h igh  p r o t e i n  concent ra t ions  a re  usual l y  

r e q u i r e d  f o r  such measurements. The Raman spec t ra  of  p r o t e  ns 

c o n t a i n  peaks from t ryp tophan and t y r o s i n e  res idues  as w e l l  as 

d i s u l f i d e s  t h a t  a r e  con fo rma t iona l l y  s e n s i t i v e ,  bu t  v e r y  h gh 

p r o t e i n  concent ra t ions  are  again necessary t o  o b t a i n  use fu l  

spec t ra .  

The t e r t i a r y  s t r u c t u r e  o f  a p r o t e i n  can a l s o  be 

cha rac te r i zed  i n  t e r m s  o f  t he  o v e r a l l  shape o f  t he  molecule. 

Several  d i f f e r e n t  methods a r e  a v a i l a b l e  f o r  t h i s  type  o f  

a n a l y s i s .  Perhaps the  most powerful  approach c u r r e n t l y  

employed i s  a combinat ion o f  s t a t i c  and dynamic l i g h t  

s c a t t e r i n g .  Measurement o f  t he  i n t e n s i t y  o f  sca t te red  l i g h t  as 

a f u n c t i o n  o f  t h e  s c a t t e r i n g  angle a l l ows  c a l c u l a t i o n  o f  the  

molecu la r  we igh t  and r a d i u s  o f  g y r a t i o n  o f  a molecule i f  the  

dependence of  t h e  p a r t i c l e ' s  r e f r a c t i v e  index on i t s  

concen t ra t i on  i s  known. I n  a much s imp le r  and more convenient 

experiment, the  S toke ' s  (hydrodynamic) r a d i u s  o f  a p a r t i c l e  and 

a measure o f  i t s  p o l y d i s p e r s i t y  can be determined from an 

a n a l y s i s  of  t h e  time-dependent f l u c t u a t i o n s  i n  i n t e n s i t y  of t he  

s c a t t e r e d  l i g h t .  Both s t a t i c  and dynamic measurements can be 

made s imu l taneous ly  and comparison o f  t h e  r a d i u s  of g y r a t i o n  

w i t h  t h e  hydrodynamic rad ius  g ives  i n f o r m a t i o n  about the  

t o p o l o g i c a l  asymmetry o f  t he  molecule. 
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2646 MIDDAUGH 

Another method t o  cha rac te r i ze  s i z e  and shape invo lves  

analyz ing the e f f e c t  o f  a c e n t r i f u g a l  f i e l d  on a macromolecule. 

Analysis o f  t he  v e l o c i t y  o f  the p a r t i c l e  can g i v e  the molecular 

weight i f  the  p a r t i c l e ' s  p a r t i a l  s p e c i f i c  volume and d i f f u s i o n  

c o e f f i c i e n t  a re  known. The sedimentation c o e f f i c i e n t ,  which 

can be d i r e c t l y  der ived from such an experiment, i s  o f t e n  very 

s e n s i t i v e  t o  the shape o f  t he  sedimenting e n t i t y .  I f  the  

p a r t i c l  e i s  sedimented t o  equi 1 i b r i  urn, measurement o f  t he  

e q u i l i b r i u m  d i s t r i b u t i o n  o f  t he  p a r t i c l e ' s  concentrat ion a t  

d i f f e r e n t  p o i n t s  i n  the experimental c e l l  combined w i t h  the 

p a r t i a l  s p e c i f i c  volume can a l s o  g i v e  an unambiguous 

determi na t i on  of molecular weight. Both methods a re  

on 

a 

t o  

p a r t i c u l a r  

equi 1 i b r i  a 

commerci a1 

y usefu l  i n  the ana lys i s  o f  a s s o c i a t i o n / d i s s o c i a t  

o f  p r o t e i n s .  The recent  r e i n t r o d u c t i o n  o f  

y avai lab1 e a n a l y t i  ca l  u l t r a c e n t r i f u g e  promi ses  

make t h i s  once again a f r e q u e n t l y  used technique. 

Probably the most common and s implest  way o f  d e t e c t i n g  

o v e r a l l  shape changes i n  p r o t e i n s  employs size exclus ion 

(molecular sieve, gel  f i  I t r a t i o n )  chromatography. The use o f  

t h i s  technique i n  an HPLC mode has g r e a t l y  increased i t s  

u t i l i t y  by both i nc reas ing  the speed of ana lys i s  and reducing 

the requ i red  sample s ize.  Although i t  i s  n o t  p a r t i c u l a r l y  

s e n s i t i v e  t o  small conformat ional  changes and r e l i e s  on 

compari son t o  standards f o r  q u a n t i t a t i v e  determinat ion o f  

molecular weight or hydrodynamic s ize,  i t s  convenience and 
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s i m p l i c i t y  o f t e n  make i t  t h e  method o f  f i r s t  cho ice  when 

a t t e m p t i n g  t o  d e t e c t  shape changes. F i n a l l y ,  d i f f e r e n t i a l  

scanning c a l o r i m e t r y  (DSC) can be used t o  d e t e c t  t h e  presence 

o f  domains i n  p r o t e i n s  by measuring t h e  heat  a b s o r p t i o n  

assoc ia ted  w i  t h  t h e  temperature i nduced u n f o l  d i  ng o f  t h e  

s t r u c t u r a l  elements. Independent or p a r t i a l l y  independent  

u n f o l d i n g  o f  domains may be man i fes ted  as comp lex i t y  i n  t h e  

u n f o l d i n g  endotherms which can be ana lyzed i n  t e r m s  o f  t h e  

i n t e g r i  t y  o f  each domain. 

Qua te rna ry  s t r u c t u r e  i s  u s u a l l y  examined by comparing 

t h e  s i z e  o f  a p r o t e i n  under n a t i v e  and d e n a t u r i n g  c o n d i t i o n s .  

Methods such as e l e c t r o p h o r e s i s  (e.g. SDS-PAGE), l i g h t  

s c a t t e r i n g ,  sed imenta t ion ,  s i z e  e x c l u s i o n  chromatography and 

f l uo rescence  p o l a r i z a t i o n  have a l l  been employed f o r  t h i s  

purpose. T h i s  approach i s  o f t e n  supplemented w i t h  chemical 

c r o s s l i n k i n g  u s i n g  b i f u n c t i o n a l  reagents  t o  s t a b i l i z e  n a t i v e  

and i ntermedi  a t e  forms o f  01 i gomeri c p r o t e i  ns. I t  i s sometimes 

p o s s i b l e  t o  use mass a c t i o n  t o  d i s s o c i a t e  o l i g o m e r i c  p r o t e i n s  

i n t o  t h e i r  c o n s t i t u e n t  subun i t s  by go ing  t o  v e r y  low p r o t e i n  

c o n c e n t r a t i o n s .  Any o f  t h e  above methods can then be employed 

t o  de termine s i z e  i f  i t  has s u f f i c i e n t  s e n s i t i v i t y  under t h e  

exper imenta l  c o n d i t i o n s .  An i n f r e q u e n t l y  used b u t  s e n s i t i v e  

approach i s  t o  determine t h e  p a r t i t i o n i n g  o f  p r o t e i n s  i n  

aqueous two-phase polymer systems (e.g.  PEG and dex t ran )  as a 

f u n c t i o n  o f  p r o t e i n  concen t ra t i on .  I f  t h e  p a r t i t i o n i n g  o f  t h e  
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2648 MIDDAUGH 

var ious  forms o f  t h e  complex va r ies ,  i t  i s  sometimes p o s s i b l e  

t o  c h a r a c t e r i z e  quaternary s t r u c t u r e  f rom concent ra t ion-  

dependent changes i n  t h e  p r o t e i n ' s  p a r t i t i o n  c o e f f i c i e n t  us ing  

t h i s  technique. 

The dynamic s t r u c t u r e  o f  p r o t e i n s  has been much l e s s  

f r e q u e n t l y  cha rac te r i zed  i n  pharmaceutical s tud ies  o f  p r o t e i n s ,  

b u t  several  s t r a i g h t f o r w a r d  types o f  analyses can be r e a d i l y  

performed. A p r o t e i n ' s  amides can be l abe led  a t  low pH w i t h  

t r i t i u m  or deuter ium and t h e  out-exchange o f  t h e  i s o t o p e  

fo l l owed  a t  n e u t r a l  pH by ge l  f i l t r a t i o n  fo l l owed  by rad ioac-  

t i v i t y  de te rm ina t ion  o r  FT IR  (Arnide I1  band), r e s p e c t i v e l y .  

Pene t ra t i on  o f  small  molecules i n t o  the  i n t e r i o r  o f  p r o t e i n s ,  a 

process presumably mediated by f l u c t u a t i o n s  i n  p r o t e i n  

s t r u c t u r e ,  can be fo l l owed  by the  quenching o f  t he  f luorescence 

o f  bu r ied  i n d o l e  mo ie t i es  by s p e c i f i c  so lu tes .  Oxygen, i o d i d e  

and acrylamide a r e  most o f ten  used f o r  t h i s  purpose. Numerous 

o the r  methods such as NMR and Raman spectroscopy, and 

determi n a t i o n  of d i  s t r i  bu t i ons  of f luorescence 1 i fe t imes a re  

a l s o  used t o  probe a range o f  s t r u c t u r a l  mot ion t i m e s ,  b u t  a re  

u n l i k e l y  t o  be use fu l  f o r  r o u t i n e  pharmaceutical a p p l i c a t i o n s  

due t o  experimental l i m i t a t i o n s .  

Given the  ex tens i ve  na tu re  o f  t he  c h a r a c t e r i z a t i o n  o f  a 

p r o t e i n  t h a t  can be performed us ing  the  above descr ibed 

p l e t h o r a  o f  techniques, do we then have the  a b i l i t y  t o  

e s t a b l i s h  the  s t r u c t u r a l  cor rec tness  o f  a p r o t e i n  s u f f i c i e n t  t o  
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PHARMACEUTICAL DEVELOPMENT OF PROTEINS 2649 

ensure i t s  b i o l o g i c a l  a c t i v i t y  and subsequent c l i n i c a l  

e f f i c a c y ?  U n f o r t u n a t e l y ,  t h e  answer a t  p resen t  must be a 

d e f i n i t e  no. I t  i s  c l e a r  t h a t  smal l  s t r u c t u r a l  a l t e r a t i o n s  

capab le  o f  caus ing  an a l t e r a t i o n  i n  t h e  a c t i v i t y  o f  a p r o t e i n  

c o u l d  pass by  t h e  v a s t  a r r a y  o f  i n d i c a t e d  b i o p h y s i c a l  methods 

undetec ted  ( w i t h  t h e  probab le  excep t ion  o f  NMR; s e e  be low).  I n  

c o n t r a s t ,  q u i t e  s a t i s f a c t o r y  analyses o f  s t r u c t u r a l  s t a b i  1 i t y  

can be under taken u s i n g  these methods. Fur thermore,  smal l  

changes i n  s t r u c t u r e  n o t  seen under f i x e d  env i ronmenta l  

c o n d i t i o n s  b y  b i o p h y s i c a l  techn iques  can sometimes be de tec ted  

by s t r e s s i n g  t h e  macromolecule, i .e. ,  smal l  s t r u c t u r a l  

a l t e r a t i o n s  i n  p r o t e i n s  may be man i fes ted  as l a r g e  changes i n  

s t a b i l i t y .  

Common changes i n  t h e  cova len t  s t r u c t u r e  o f  p r o t e i n s  

i n c l u d e  h y d r o l y s i s  (e .g.  o f  p e p t i d e  bonds), d i s u l f i d e  exchange, 

o x i d a t i o n  (e.g.  o f  cys te ines  and meth ion ines) ,  deamidat ion ( o f  

asparag i  ne and g l  utami ne res idues ) ,  p h o t o i  nduced a1 t e r a t i  ons 

( e s p e c i a l l y  o f  t r yp tophan)  and racemiza t i ons .  Such changes can 

be d e t e c t e d  by t h e  methods s e n s i t i v e  t o  p r i m a r y  s t r u c t u r e  

d iscussed p r e v i o u s l y  such as amino a c i d  sequencing, p e p t i d e  

mapping and v a r i o u s  chromatographic  methods i n c l u d i n g  reve rsed  

phase HPLC and most r e c e n t l y  cap i  1 l a r y  e l e c t r o p h o r e s i s .  

Changes i n  noncova len t  s t r u c t u r e  range f rom v a r i o u s  smal l  

con fo rma t iona l  changes i n  h i g h l y  l o c a l i z e d  reg ions  o f  a 

p o l y p e p t i d e  t o  complete d i s r u p t i o n  o f  t e r t i a r y  s t r u c t u r e  
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2650 MIDDAUGH 

(denaturat ion) .  These a l t e r a t i o n s  may lead i n  t u r n  t o  

aggregation o r  d i s s o c i a t i o n  o f  o l igomer ic  species and 

u l t i m a t e l y  p r e c i p i t a t i o n  i n  the  former case. Conformational 

changes are most o f t e n  detected by spectroscopic methods (CD, 

f luorescence, etc.)  w h i l e  assoc ia t i on  phenomena are u s u a l l y  

e a s i l y  seen by s i z e  exc lus ion chromatography, l i g h t  s c a t t e r i n g  

and sedimentation s tud ies.  

U1 t ima te l y ,  i t  i s necessary t o  examine p r o t e i n  s tab i  15 t y  

under pharmaceutical and c l  i n i  ca l  condi t i  ons o f  storage and 

use. A l l  o f  t he  techniques i n d i c a t e d  above are use fu l  f o r  t h i s  

purpose. The very long incubat ion t i m e s  requ i red  f o r  such 

experiments, however, suggest t he  use o f  accelerated s t a b i l i t y  

cond i t i ons  t o  o b t a i n  a p r e l i m i n a r y  i n d i c a t i o n  o f  a p r o t e i n ' s  

s t a b i l i t y .  High temperature i s  most o f t e n  used f o r  t h i s  

purpose. Temperatures which e i t h e r  s low ly  (seconds t o  minutes) 

o r  r a p i d l y  (hours t o  days) produce s t r u c t u r a l  changes can be 

selected based on p r e l  i m i  nary s tud ies.  Temperature induced 

s t r u c t u r a l  changes are u s u a l l y  e a s i l y  monitored by CD, 

fluorescence, UV absorpt ion,  DSC o r  l i g h t  s c a t t e r i n g  ( o f t e n  i n  

the form of simple t u r b i d i t y  measurements). Using the  same 

methods, the e f f e c t  of pH can a l s o  be ascertained. Solutes can 

a l s o  be used t o  d i s r u p t  the s t r u c t u r e  of  p r o t e i n s .  Frequent ly  

employed i n  t h i s  regard a re  amides such as urea and guanidine 

hydrochlor ide,  chaotrop ic  s a l t s ,  detergents and organic  

solvents.  P r o t e i n  spec i f i c  agents a re  app l i cab le  i n  l i m i t e d  
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cases (e.g. reducing o r  o x i d i z i n g  agents, metal che la to rs ) .  

Solute a d d i t i o n  i s  general l y  1 ess  s a t i s f a c t o r y  than e x t r e m e s  o f  

temperature and pH since the complex i ty  of t h e i r  mode o f  a c t i o n  

makes e x t r a p o l a t i o n  t o  cond i t i ons  o f  i n t e r e s t  somewhat tenuous. 

Accelerated s tud ies a re  o f t e n  used t o  screen f o r  

exc ip ien ts  t h a t  increase the  s t a b i l i t y  o f  a p a r t i c u l a r  

p r o t e i n .  The science o f  p r o t e i n  fo rmu la t i on  has so f a r  been 

p r i m a r i l y  emp i r i ca l .  Commonly used a d d i t i v e s  i nc lude  amino 

acids,  sugars, su r fac tan ts ,  redox reagents, metals, polyanions 

and o t h e r  p r o t e i n s  ( t o  minimize surface adsorpt ion) .  More 

p r o t e i n  s p e c i f i c  reagents can be expected t o  be used i n  the 

f u t u r e  as the  type o f  b iophys ica l  s tud ies discussed increase i n  

number and sophi s t i  ca t i on .  

To the  pharmaceutical s c i e n t i s t  encountering p r o t e i n s  

f o r  t h e  f i r s t  t i m e ,  the type o f  comprehensive b iophys i ca l  

ana lys i s  presented above may appear somewhat daunt ing.  Despi te 

the  ana lys i s  o f  a p r o t e i n  by perhaps ten  t o  twenty d i f f e r e n t  

approaches, one i s  s t i l l  u l t i m a t e l y  l e f t  w i t h  r e l i a n c e  upon 

imprecise and o f ten  inaccurate bioassays f o r  f i n a l  s t r u c t u r a l  

con f i rma t ion .  Does the  near f u t u r e  ho ld any hope f o r  

improvement upon t h i s  s i t u a t i o n ?  The answer i s  probably,  b u t  

by no means c e r t a i n l y ,  yes. I d e a l l y ,  a s i n g l e  method t h a t  i s  

s e n s i t i v e  t o  a l l  aspects of p r o t e i n  s t r u c t u r e  could rep lace the 

mu1 t i  faceted approach c u r r e n t l y  employed. There i s  1 i t t l e  

doubt t h a t  the most l i k e l y  candidate f o r  such an approach i s  
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NMR. Although cur ren t ly  l imited by molecular s i z e  and 

s e n s i t i v i t y ,  continuous improvement i n  both the s e n s i t i v i t y  and 

a v a i l a b i l i t y  of la rge  NMR spectrometers and i n  t he  methodology 

o f  data  acquis i t ion  (multidimensionality,  novel pulse 

sequences, e t c . )  promise increasing pharmaceutical applica- 

t i ons .  A s imi la r  s i t ua t ion  e x i s t s  f o r  mass spectroscopy, 

a1 though the amount of higher order  s t ruc tu ra l  information t h a t  

can be obtained from t h i s  technique wi l l  be l imited by the  

necessi ty  t o  ionize samples. Other new h i g h  reso ution 

techniques such as scanning tunneling and atomic force 

microscopy may a l s o  o f f e r  the type o f  s t ruc tu ra l  reso ution 

needed, a1 though problems of sample preparation and image 

in t e rp re t a t ion  cur ren t ly  l i m i t  t h e i r  use. 

A 1  t e rna t ive ly ,  many techniques may be automated and 

combined i n  such a way tha t  extensive s t ruc tu ra l  information 

can be obtained from a s ingle  experiment. For example, one can 

envision such a system containing a chromatographic column on 

the  f r o n t  end based on an ion-exchange separation (HPLC o r  

cap i l l a ry  zone e lec t rophores i s ) .  This would be followed by a 

se r i e s  of de tec tors  monitoring UV absorbance (information on 

concentration and t e r t i a r y  s t ruc tu re  and protein e l e c t r o s t a t i c  

propert ies  from e lu t ion  pos i t ion /mobi l i ty ) ,  f luorescence 

( t e r t i a r y  s t r u c t u r e ) ,  CD (secondary s t r u c t u r e ) ,  l i g h t  

s ca t t e r ing  ( t e r t i a ry /qua te rna ry  s t ruc tu re )  and, f i n a l l y ,  mass 

spectroscopy (covalent s t ruc tu re ) .  A mu1 t i  parametric ana lys i s  
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o f  t h e  d a t a  f rom t h e  d e t e c t o r s  e s p e c i a l l y  by r e f e r e n c e  t o  a 

s tandard  c o u l d  p r o v i d e  s u f t ' i c i  e n t  i n f o r m a t i o n  t o  ensure 

s t r u c t u r a l  i d e n t i t y .  C o n d i  t i o c s  for  each  p r o t e i n  wocld be 

e s t a b l i s h e d  i n  a p r e f o r m u l a t i o n  a n a l y s i s .  F u r t h e r  i n f o r m a t i o n  

c o u l d  be obtained by a second r c n  th rough t h e  s y s t e m  under 

o p t i m i z e d  c t r e s s  cond i t ions  inducer! by temperature,  pH o r  

s o l u t e .  Such a cysteli i  i s  under c u r r e n t  development i n  severa l  

l a b o r a t o r i e s  and w i l l  p robab ly  r e q u i r e  severa l  years  o f  

v a l i d a t i o n  be fo re  i t  w i : l  be o f  genera l  use. 

The c r u c i a l  unanswer2d q u e s t i o n  i s  t h e  exac t  t ype  and 

amount o f  i n f o r m a t i o n  necessary t o  d e f i n e  the  s t r u c t u r e  o f  a 

p r c t e i n  s u f f i c i e n t  t o  ensure b i o l o g i c a l  a c t i v i t y  w i t h i n  

accep tab le  l i m i t s .  The answer must o r i g i n a t e  f rom a complex 

combina t ion  of t h e o r e t i c a l ,  expe r imen ta l ,  p r a c t i c a l  and 

r e g u l a t c r y  c o n s i d e r a t i o n s  which have yet  t o  be r i g o r o u s l y  

performed. I t  seems even w i t h i n  t h e  rea lm o f  c u r r e n t  

techno logy .  however, t h a t  i t  w i l l  be p o s s i b l z  t o  e s t a b l i s h  such 

c r i t e r i a  and perhaps l i m i t  t h e  U S E  o f  l a b o r i o u s  and imprec i se  

b ioassays t o  f i n a l  v e r i f i c a t i o n  o f  t h c  a c t i v i t y  c j f  c r i t i c a l  

p r o t e i n  pharmaceut ica l  f o r m u l a t i o n s  
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A se r ies  o f  volumes e n t i t l e d  "Pharmaceutical Biotechnology" 
w i l l  be pub l i shed  i n  1991 by Plenum P r e s s  and should serve as a 
va luab le  source o f  i n f o r m a t i o n  about p r o t e i n  pharmaceut icals.  
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