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A b stract

IV

Structure and Function of the First Epidermal Growth Factor-like 

M odule in Human Factor IX

By
Linda Hao Tsai Huang

Adviser: Professor William V. Sweeney

Epidermal growth factor (EGF) is a small mitogen which consists of 53 amino 

acids. During the last decade, a large number of EGF-like molecules have been found. 

There are at least two groups of EGF-like modules. Both classes of modules have 

three pairs of disulfide bonds in homologous arrangement in a pattern of cysteine 

residues 1-3, 2-4, and 5-6. The major difference between these two groups of modules 

is that the modules in the first group have high affinity for the EGF-receptor, and can 

lead to mitogenic responses in EGF-sensitive cells; the second group of modules are 

found in a wide range of proteins with diverse biological function. Among these 

proteins are vitamin K-dependent clotting factors VII, IX, and X, protein C and protein 

S, and the non-vitamin K-dependent proteins urokinase (uPA), tissue-tvpe 

plasminogen activator (tPA), and factor XII. The functions of these modules are not 

fully understood.

To investigate the biological role of the EGF-like modules in the second group 

mentioned above, the first EGF-like module (45-87) of human factor IX (FIX-EGF1) 

has been chemically synthesized by the solid phase method. The synthesized peptide 

has been refolded, and characterized.



Efforts have been made to mimic putative EGF-like activities by synthesizing 

different chimeric EGF analogs with the first EGF-like module in factor IX (FIX- 

EGF1) as a non-active frame. However, no analog with significant EGF-like activity 

has been obtained.

Calcium plays an important role as a cofactor in the blood clotting system. The 

calcium binding site in the EGF-like region in factor IX has been reported to be of 

functional importance. The calcium binding with the synthesized FIX-EGF1 has been 

examined, leading to the identification a calcium binding site in this module. The 

function of the metal ion binding is more likely to orient, and to stabilize the factor IX 

molecule as a whole rather than to change the structure of the module itself.

The two dimensional 'H nuclear magnetic resonance spectra (2D 'H NMR) of 

FIX-EGF1 have been acquired. The sequence specific resonance assignment and the 

secondary structure of the module have been determined. It has been found that the 

peptide has two antiparallel fi-sheets. The first sheet consists of residues 16-20 and 25- 

29, the second sheet consists of 32-34 and 40-42. A (i-turn has been observed at one 

end of the each sheet. The tertiary structure has been determined by distance geometry 

calculation with the NOE constraints using DSPACE, followed by energy minimization 

refinement with the program AMBER. The solution structure indicates that there are 

two subdomains in the peptide consisting of 1-28 and 29-43. The structure is 

substantially similar to that of EGF, but differences in the degree of the NH2-terminal 

P-sheet twist, and the C-terminal tail orientation are observed.
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1. B ackground

The theme of this thesis is s tructure and function studies of  

the f irst ep idermal growth  factor- l ike modu le  in hum an factor  IX 

(F IX -E G F 1 ) .  C h e m ica l ly  syn thes ized  F I X - E G F l ( 4 5 - 8 7 )  and o the r  

analogs have been exam ined  for  their  puta t ive EGF-like act ivit ies .  

The  ca lcium binding proper ty of  FIX-EGF1 has been analyzed,  and 

its solut ion confo rm at ion  has been de te rmined  by two d im ensional  

nuclear  magnetic  resonance  (2D-NMR).

For the purpose  of  giving a general  background to this topic, 

the ini tiat ion and regulat ion o f  the blood coagula t ion,  the structural 

f ea tu res  and the function  o f  fac tor  IX are brief ly  rev iewed .  A 

concise survey o f  recent  s tudies on EGF and its family is given,  and 

the s ign if icance  o f  2 D -N M R  in protein so lu t ion  s truc ture  studies,  

and of  ca lc ium in the clot ting system are also mentioned.

1.1. Blood coagulation

Blood coagu la t ion  is one of  the host  defense  sys tems  that 

specif ical ly assists  in keeping the mam m al ian  ci rcu latory system in 

a perfect ly c losed  and constan t ly  pressurized  condi t ion  after blood 

vesse l  injury.

1.1.1. Initiation o f  coagulation



Normally ,  the endothel ia l  cel ls  that lie on the vascula r  wall 

function to inhibi t the adherence and act ivat ion of  platelets  and to 

inhib i t  the c lot t ing  cascade .  Thus ,  there is no clot  format ion  in 

normal blood flow. When vascu la r  damage happens ,  not  on ly  the 

p rocoagu lan t  subendothe l ia l  s t ruc tures  o f  the vessels  are exposed ,  

but  also the endothel ia l  cell membrane  can,  under  the influence of  

cy tok ins ,  change  f rom the res t ing  state to an ac t ive p rocoagulant  

fo rm by express ing  recepto rs  for  blood clo t t ing  pro te ins  and by 

s u p p r e s s i n g  a n t i c o a g u l a n t  f u n c t i o n s .  T h u s ,  c l o t t i n g ,  as  an 

im m edia te  response,  can start rapidly (1). There are two principal  

c lo t t ing  m echan ism s  in response  to the vascu la r  dam age .  The first 

r esponse  is the pla telet  react ion.  Platelets  c i rcu la t ing  in the blood 

will be act ivated from the rest ing state and adhere to the site of  

dam age ,  then aggrega te  to form a platelet plug. The  platelet plug 

reduces  or  tempora ri ly  stops the loss of  blood.  The  act ivat ion of  

pla telets  also induces a series of  physiological  responses  inc luding 

the release  of  numerous  proteins and small molecule s  which speed 

up and increase  platelet  plug formation and begin the t issue repair  

(2).  The  s e c o n d  re s p o n s e  is b lood  c o a g u l a t i o n .  An in t im a te  

rela t ionship  between platelet react ion and blood coagula t ion  is that

ag g re g a te d  pla te le ts  with  da m a g e d  cel l m e m b ra n e s  p rov ide  the

n e g a t i v e l y  c h a r g e d  p h o s p h o l i p i d  su r f a c e  fo r  the  s u b s e q u e n t

c o a g u la t io n  ca s c a d e  to o c c u r  (3,  4) , and fo r  d e p o s i t io n  and

crossl inking of  fibrin.
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The coagula t ion  m echan ism has been studied since early in 

the cen tu ry  by M o raw i tz  (5).  In tha t  "class ic  theory" ,  it was 

e n v i s io n e d  tha t  c lo t t ing  re su l t ed  f rom  a tw o - s te p  reac t ion .  In 

1964, the coagula t ion  cascade  was  p roposed  by Dav ie  et al. and 

M a c F a r la n e  s e p a ra t e ly  (6 -7).  T h i s  h y p o th e s i s  set  a va luab le  

foundation  for  unders tand ing  the c lo t t ing  m echan ism  even  though 

a number  of modificat ions have been made.

The process o f  coagula t ion  cons is ts  of  a series of  sequential  

ac t iva t ion  of  certain  p la sm a  p ro e n z y m e s  to the ir  ac t ive enzym e  

forms by ei ther  the intr insic or  ex tr ins ic  clot t ing pa thway.  Recent 

i n v e s t i g a t i o n  s u g g e s t s  th a t  the  in t r i n s i c  p a t h w a y  p la y s  an 

im por tan t  role in the growth  and m a in tenance  o f  fibrin format ion  

in the clo t t ing pa thway,  while the ext r ins ic pa thway  is cruc ial  for 

the ini tiation of  fibrin formation (4). Figure 1.1 shows the clott ing 

cascade  and fibrin fo rmat ion  by e i ther  the in tr ins ic or  ex tr ins ic  

p a t h w a y .

The  trigger of  the extr insic pa thway is the t issue factor  which 

is located  in t i ssue adven t i t i a  and con tac ts  with  c lo t t ing  factors  

ci rcula t ing  in blood only after  vascula r  injury (8-9).  Tissue factor  

ini tiates the coagulat ion by being a cofactor .  Tissue factor has high 

affinity to factor Vila  circulat ing in blood. It binds to factor  V i la  in a 

one- to -one  rat io in the presence  o f  ca lc ium ion. The factor  Vlla-  

tissue factor  complex act ivates factor  X and factor  IX when calcium 

ion is present .  Fac tor  Xa act ivates  p ro th rom bin  to th rom bin ,  and 

th r o m b in  c o n v e r t s  the so lu b le  f i b r i n o g e n  to  f ib r in  m o n o m e r .



4

P o ly m e r iz a t io n  o f  the f ibrin m o n o m e r s  gene ra te s  the inso lub le  

fibrin clot.

The act ivat ion of  factor  IX or factor X by tissue factor-factor  

V i la  complex  depends  on the concent rat ion  o f  tissue factor . When 

the tissue factor concentrat ion is low, factor  IX is a bet ter  substrate 

than factor  X (10, 11). Factor  IXa forms a complex with factor V i l la  

(which  is ac t iva ted by factor  Xa when there is ca lc ium  ion and 

phospholip id  present,  or by thrombin  alone). The complex  of  factor 

I X a - fa c to r  V i l l a  can co n v e r t  f ac to r  X to  f ac to r  Xa th ro u g h  

hydrolys is  of  the same peptide bonds as the complex  of  Vlla-t is sue 

factor  does .  A def ic iency  of  factor  VIII  or  factor  IX will cause 

hemophil ia  A,  or B,  respectively.

A f te r  the d i s c o v e ry  o f  l i p o p r o te i n - a s s o c i a t e d  c o a g u la t i o n  

inhib i tor  (L A C I)  in blood,  the im por tance  o f  the intr insic pa thway  

was clarif ied.  LACI inactivates the factor Vlla -t is sue  factor  complex  

by binding to factor  Vlla -t is sue  factor ,  and then binding to factor  

Xa (12-14) .  This  inhib i ts  the ac t iva t ion  o f  fac to r  X. H ow ever ,  

interestingly,  LACI does not block the act ivat ion of  factor IX by the 

factor  V l la - t i s sue  factor  complex .  Therefore ,  factor  X can only be 

act ivated by factor  IXa through the intr insic pa thway.

As long as the extrinsic pathway  is dimin ished  by LACI,  the 

intrinsic pa thway turns into a major  route for  the con t inuat ion  of  

fibrin clot  formation.  It has been shown that the intrinsic pa thway  

requires factor  XIa which is act ivated by th rombin  on a negat ively  

ch a rg e d  surface.  In add i t ion ,  t race am o u n ts  of  fac to r  XIa  can



a c t iv a te  fac to r  XI in an au to c a ta ly t i c  m a n n e r  (15) .  A n o th e r  

m e c h a n i s m  o f  ac t iva t ing  fac to r  XI is by fac to r  X l la ,  p la sm a  

prekal l ik re in ,  or high molecu la r  weight  k ininogen.  This  convers ion  

is obse rved  only when blood  p la sma con tac ts  with  a synthe t ic  

surface such as glass or kaolin in vitro. Then,  factor  XIa conver ts  

factor  IX to  factor  IXa. Factor IXa starts to act ivate the next step in 

the cascade (Figure 1.1.).
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Figure 1.1. Schematic  represen ta t ion of  blood coagula t ion  cascade,  

( redraw n from reference  4). The  heavy  a rrows  link the ex t r ins ic  

pa thway;  the thin a r rows  link the in tr insic  pa thway .  FXa,  FIXa,  

FVIIa,  FVa,  FXIIIa,  and FXIa  represent  act ivated forms o f  factor  X. 

fac to r  IX, factor  VII , fac tor  V, fac tor  XIII  and fac tor  XI. PL 

re p re s e n t s  p h o s p h o l ip id .

E x t r i n s i c  P a t h w a u 

Va scu l a r  I n j u r y

\
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I n t r i n s i c  P o t h w a u
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o r  FVIIa, o r FIXaThrombin
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Ca**
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F ac to r X
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Prothrom bin Thrombin

Fibrinogen
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F ac to r XIlia



1.1.2. R egulation o f coagulation

7

Blood coagula t ion is under regulat ion of  a number  of  protease 

inhibi tors.  Some patients  with deficiencies of  clot t ing blockers suffer  

di fferent  degrees of  th rom botic episodes.  Regula t ion of  coagulat ion 

is quite  complica ted .  Coagula t ion can be terminated by inact ivat ing  

the p r o t e a s e s ,  fo r  in s t a n c e ,  by the a n t i t h r o m b in  I I I -h e p a r in  

system, or  by inact ivat ing the cofac tors  involved (16).  The primary 

mechanism for degrading cofactors  o f  the coagulat ion  cascade is the 

t h ro m b o m o d u l in -p ro te in  C - prote in  S system.  T h rom bin  is the 

only known phys io logic  act ivator  of  protein C. With phospholip ids  

and  c a l c i u m  ion  to g e th e r ,  th is  a n t i c o a g u l a t i o n  s y s t e m  can  

s e le c t iv e ly  ina c t iv a te  f a c to r  Va and  f ac to r  V i l l a ,  in h ib i t i n g  

thrombin  generat ion.  This inhibit ion of  thrombin  format ion  leads to 

reduced  platelet  act iva t ion and clo t  genera t ion  (17).  A nti th rombin  

III can inhibi t thrombin,  factor  IXa,  factor  Xa and factor  XIa by 

f o r m i n g  o n e - t o - o n e  i r r e v e r s i b l e  c o m p l e x e s  w i th  th e m .  Th i s  

inhibi t ion is enhanced  if heparin is present .  For tuna te ly ,  this is a 

s low inhibi tion process.  The  coagulat ion system has enough time to 

genera te fibrin before those proteases are blocked.  Some other less 

im por tan t  inh ib i tors  are also noted in p la sma,  such as heparin  

co fac to r  II (18),  a  2 - m a c r o g l o b u l i n  (19 ) ,  a c t i v a t e d  p ro t e i n  C 

inhib i tor  (20), and a  1-an t i t ryps in  (21).  In add i t ion ,  co ag u la t i o n  

may be slowed down by the dilution of  act ivated clot t ing factors by 

circula t ing blood as well as the trapping of th rombin  on the fibrin 

network.  Moreover,  the endothe lia l  cel ls on the vascula r  wall may



8

have mul t ip le  functions  in the regula t ion  o f  the c lo t t ing  sys tem 

( 2 2 ).

1.2. Human factor IX

Factor IX (Chr istmas  factor)  is one of  the impor tant  proteins 

in blood coagu la t ion .  Indiv iduals  lacking this protein may bleed  

s p on taneous ly  into the ir  skin,  soft t issues ,  and jo in t s ,  and the 

b leed ing  is of ten  serious after  minor  injury.  This  genet ic  defec t  

disorder is cal led Hemophi l ia  B, or Christmas disease.

Human fac tor  IX, a s ingle  chain p la sm a g lycopro te in  ( M r 

56 ,000) ,  is a ser ine p ro tea se  zym ogen .  It con ta in s  abou t  17% 

ca rbohydra te  (23).  This  protein is synthes ized  in the l iver  as  a 

p recursor  molecu le  that undergoes  a series o f  modi f ica t ions  pr ior  

to s ec re t ion  (24).  T hese  pos t - t r ans la t iona l  p ro ces s in g  r eac t io n s  

include glycosyla t ion ,  cleavage  of  pre- and propept ides,  vi tamin K- 

d e p e n d e n t  y-carboxyla t ion  o f  the 12 glutamic acid residues  at the 

am ino- te rminal  site (25), and P-hydroxy la t ion  of  aspar t i c  ac id -64

(26).  Mature factor  IX cons ists  o f  415 amino  acid res idues  which 

are div ided  into several  regions.  Each region has its character is t ic  

functions.  The f irst f ragment com pris ing  46 amino  acids  from the 

NH-termina l ,  a product  of  second and third exons, is cal led the Gla 

reg ion .  The  reg ion  from res idue  47 to 127 represen ts  the two 

e p id e rm a l  g row th  fac to r - l ike  modules .  Res idue  128 to 195 are 

coded  by exon six where the act ivat ion pept ide  (which  is cl eaved  

af te r  ac t iva t ion )  is loca ted  be tween  146 to 181. The  last 220



r e s id u es  are p roduc ts  o f  the last tw o  exons ,  and  con ta in  the

ca ta ly t ic  cen te r  of  factor  IXa (24).  Figure 1.2 gives a schematic

pic ture o f  the general s tructure of  factor IX.

F ig u re  1.2. S c h e m a t i c  d i a g r a m  of  a c t i v a t e d  f a c to r  IX

structural domains .  The  numbers  indicate the am ino  acid posi t ions.

(R ed raw n  from re ference  27.)

181

146 COOH

Gla EGF-like Catalytic
region region region

1.2.1. Gla region

F a c to r  IX is a v i t am in  K -d e p e n d e n t  p ro te in .  Its ac t iv i ty  

requ i re s  v i t amin  K -dependen t  ca rboxy lase  sys tem assoc ia ted  with 

the m i c r o s o m e s  o f  he p a to c y te s .  Th i s  c a rb o x y l a s e  co n v e r t s  12 

g lu tam ic  acids  on the N H - te rm ina l  f ragm en t  of  the p ro te in  to
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g a m m a - c a r b o x y l - g l u t a m y i  r e s i d u e s  ( G l a )  d u r i n g  the  pos t -  

t ransia t iona l  modificat ion .  This  modif ica t ion  is also found in other  

v i t a m i n  K - d e p e n d e n t  c l o t t i n g  p ro te in s ,  such  as p r o th r o m b in ,  

protein C,  factor  X, protein S, and protein Z (24).

W hen  the G la  reg ion  binds ca lc ium ,  it undergoes  certain  

s e q u e n t i a l  c o n f o r m a t i o n a l  c h a n g e s  w h ic h  a re  n e c e s s a r y  for  

ex p o s in g  m e m b ra n e -b in d in g  si tes ,  and for  the c lo t t ing  ac t iv i ty  

(28 ) .  T h e  im p o r t a n c e  o f  the c a l c iu m - d e p e n d e n t  c o n f o r m a t io n  

change in the G la  region was  indicated by chem ically  modi ficat ion  

study on Gla residues.  Once the Gla res idues  have been chemically  

modified,  the clot ting activity of  factor  IX is inhibited (29).

1.2.2.  E G F - l ik e  reg ion

The  region next  to the Gla domain is composed of  two tandem 

repeats  o f  EGF-like modules.  Little is known about  the biological  

funct ion o f  this fragment.  However,  it has been demonst ra ted  that 

EGF-like modules in factor IX, X, and protein C bind one calcium ion. 

Genetic  muta t ions  in this region of  factor  IX seriously affect the 

factor  IX clot t ing act ivi ty.  More detai ls  about  this region will  be 

given in section 1. 3.

1.2.3 .  A c t iv a t io n  p e p t id e  region

The act ivat ion peptide region is next to the EGF-like modules.  

T w o  act ivat ion sites, an Arg-Ala  bond (res idues  145 and 146) and 

an A rg -V a l  bond  ( r es idues  180 and 181),  are loca ted  in this



region.  The  cleavage of  these two internal peptide bonds results in 

the format ion  of  an act ivat ion peptide consist ing of  35 amino  acids 

and factor  IXa.  a serine protease.  There  is a cysteine  res idue at

posit ion 132 which forms a disulf ide bond with the cys teine residue

at posi t ion 289. This disulf ide linkage can account  for the binding 

between light and heavy chains of  factor  IXa. During the act ivat ion 

of  factor  IX to factor  IXa by factor XIa,  ca lc ium ion is the only 

required  co fac to r  (30). Fac tor  XI can be found  in pla te le ts  but

factor  XIa does not bind to the platelet surface (24). Factor  IX can 

be al so act ivated  by the factor  V l la - t i s sue  factor  com plex ,  which

cleaves  the same pept ide  bonds as factor  XIa in the presence  of

c a l c iu m  ion (31).  The ac t iva ted  pep t ide  with  two A sn - l inked

c a rb o h y d ra te  s ide chains  has a m o lecu la r  w eigh t  abou t  10,000.

Factor  IXa is 20% smal ler  than factor IX as demonst rated  by their 

migra t ion on po lyacry laminde  gels (24).

1.2.4.  C a ta ly t i c  region

In the ca ta ly t ic  region of  factor  IXa, H is2 21 , A s p 269 and 

S e r 365 are three essenti a l  c o m p o n e n t s  in the ac t ive site (24),

h o m o l o g o u s  with  c h y m o t ry p s in  which  has H is 5 7 , A s p 1()2, and 

S e r 195 in the act ive site (30). The catalyt ic  m echan ism  o f  FIXa,  

there fore,  may be s imilar  to chym otryps in  and trypsin.

1.3. Structural feature o f  the first EGF-like module



1 2

The fourth and fifth exons in the human factor  IX gene code 

for two EGF-like  modules .  This  is a cys te ine- r ich  reg ion which 

conta ins  12 of  the 22 cyste ines  found in the entire protein.  In each 

module  three disulf ide bonds  are arranged  in homologous  order  to 

EGF. An unusual  am ino  acid,  (3-hydroxyaspar t i c  ac id  (H ya) ,  at 

posit ion 64 of  factor  IX, is also present  in homologous  posi t ions in 

factor  X and protein C (32).  A l iver  m icrosome enzym e,  Asp-0-  

hydroxylase.  is responsible for  p-hydroxyla t ion .  It has been shown 

that the synthetic  first EGF-like module can be a subs trate  of  the 

hydroxy lase  (33). In human factor  IX the hydroxyla t ion  is about  

30% (34).  The signif icance of  this modi ficat ion  is not clear . Post- 

translat ional glycosylat ion is also found in the first EGF-like  module.  

The ca rbohydra te  units are found in serine 53 and 61 in human 

factor  IX, s imi lar  to what  is found for  factor VII, and protein Z. 

Factor  X and protein C lack a serine residue in posit ion 53, and do 

not  have glycosy la t ion .  The  function of  the ca rbohydra te  unit is 

unclear .  The  g lycosyla t ion  enzym e  has not yet  been de te rm ined

(27) .

A number  of genetic defects in the EGF-like region of factor I X 

c a u s e  h e m o p h i l i a  B .  The  gene  muta t ion  at pos i t ion  47 that 

genera tes  G lu47 (factor IXoxford d3) instead o f  Asp47 will reduce the 

c lo t t ing  act ivi ty of  factor  IX to only 1% of normal human plasma 

c lot t ing  act ivi ty (27).  Another  mutat ion at posi t ion 47 giv ing rise 

to Gly47 (factor  I X A i a b a m a )  instead o f  Asp47 drops clot t ing act ivi ty 

to about  10% (35-36). The  mutat ion in which P ro50 replaced G in50
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is ca l led  factor  I X n c w  L o n d o n -  In this case, the clot t ing act ivi ty is 

reduced  to less than 1% (37).  At pos i t ion  55 the rep lacem en t  of 

P r o 55 by Ala55 generates a mutant  named factor IX n o l ly w o o d -  This 

gene defect  makes  the factor  IX clot t ing act ivi ty down to about  7% 

(38).  The subs t i tu t ion  on G l y 60 by Ser60 reduces  the factor  IX 

clot ting activity to 10% (39). This mutat ion is named factor  IX oxfo rd  

d 2 -  There are two different  muta t ions  known at posit ion 64, one of  

them is subst i tut ion A sp64 by Gly64 that is cal led factor I X L o n d o n  6  

with 8% c lo t t ing  act ivi ty  (40),  ano ther  is subst i tu t ion  by A sn 64 

named factor I X o x f o r d  d l  with 3% clot ting act ivity (39). The fact that 

muta t ions  on this module  d ramatica l ly  ef fec t  factor  IX a’s clot t ing  

act ivity shows the importance  of  this EGF-like module  in factor IX 

molecu le .  The  possible explana tion for  those muta t ion effects  may 

be tha t  the a m in o  ac id  re p la c e m e n t  causes  the c o n fo rm a t io n a l  

change  of  the structure or disturbs the ca lc ium binding  site which 

is required for  its protease catalyt ic  act ivity.  Figure 1.3 depic ts  a 

schematic  d iagram of mutat ions  known to lead to hemophil ia  B in 

the first EGF-like module of  human factor  IX.
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Figure 1.3. Schematic diagram of genetic defects  on FIX-EGF1. 

A mino  acid one letter  symbols are used. The mutat ions at different  

posi t ions  are pointed out  by a r rows  ( redrawn from refe rence 27).

F IX O x f o rd  d3.
F IX Nc w  London,
bl%

F I X  Alabama .
^ 0% I

FIXHo l lyw ood ,

7 %

( 4 5 ) ( Y

8 7 )

CDOHFIXLondon  6, 
8 %

F IX Ox fo rd  d2,  

10%
F IX Ox fo rd  d l .

3 %

There is a ca lc ium binding site in the first module  of  factor  IX 

with a kd of  0.4 mm ol/L  (41-42).  This  module has been chemically  

synthes ized  in this s tudy,  and has A sp 64 ins tead  o f  hydroxy la ted  

A s p 64 (Hya).  The  module has also been expressed  in yeast.  And it 

binds to calcium (43).
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It has been proposed that one important  function o f  the EGF- 

like modu les  is to be a spacer  between the Gla  region  and the 

catalyt ic  reg ion (27). This  spacer can mediate the dis tance  between 

the ac t ive site and the phospho l ip id  surface.  A s im i la r  role is

possible for the four EGF-like modules  of  protein S. In the case of

recep tor  prote ins ,  such as th rom bom odul in  and the LD L-recep tor ,  

there  are c a rb o h y d ra t e  s ide cha in s  ad jacen t  to the m e m b ra n e ,  

fol lowed  by the EGF-like modules.  This s tructural  feature may be 

beneficial  for  proper separat ion of  the l igand-binding  site from the 

m em brane  surface (27). Recent  research  da ta  sugges t  that factor  

IXa and its substrate factor X interact  direct ly through their EGF- 

like modules  and that the Gla module o f  factor IXa and the serine 

protease part interact with factor  V i l l a  (44).

1.4. Epidermal growth factor

The E G F  precursor  is the arche type of  proteins that contain 

EG F - l ike  modules .  This  large mem brane-spann ing  protein  contains  

n ine  EG F modules  in the ext race l lu lar  N H 2 - te rm in a l  reg ion  (45- 

48).  The act ive E G F  molecule is the one that locates next to the cell

m e m b r a n e  and has  a rg in in e  re s idues  on e i th e r  s ide  af te r  a

tryps in - l ike endopep t idase  c leavage .  Figure  1.4 gives a schematic 

d iagram of EGF-precursor.  The biological function o f  the other  eight 

N H2- te rm ina l  EGF modules is unclear.
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E G F  is a small  mi togenic protein conta in ing 53 amino  acids. 

Three  d isu lf ide  bonds  between cys te ine  res idues  6-20,  14-31, and 

3 3 -42  fo rm in g  three  i n t r a m o le c u la r  loops  are a ch a ra c te r i s t i c  

s tructural  feature of  EGF-like modules  com m on ly  cal led  the A, B, 

and C loops .  In add i t ion ,  a n o th e r  c h a ra c te r i s t i c  o f  E G F - l ik e  

molecules is the capacity to compete  with E G F  to bind to the EGF- 

receptor  and to mimic biological activities of  EGF.

The pro li fe ra t ion  o f  cel ls  in vivo  and in cu lture is largely 

regulated by growth factors,  such as EG F and TGFa.  Those growth 

factors,  like po lypeptide  hormones ,  ini t iate their act ion by binding 

to spec i f ic  ce l l - s u r fa c e  recep to rs .  The  ac t iva ted  r e c e p to r  then 

mediates  a cascade of  rapid biochemical  and phys iological  changes  

in the cell, which ult imately lead to DNA synthesis  and physiological  

changes.  EGF is one of  the most  extensively  studied growth factors.  

It can cause a wide range of  physiological  and mitogenic responses 

after  b inding  to cel l- surface  receptor .
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Figure 1.4. Schematic  diagram of EGF precursor.  The  portions 

o f  protein and EGF modules from 1 to 9 are indicated.
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In vi tro,  E G F  is a potent mitogen for a number  of  cultured cells; in  

v i v o ,  it induc es  the p ro li fe ra t ion  and d i f fe ren t ia t ion  o f  var ious  

e p id e rm a l  t i s sues .  P h y s io lo g i ca l  r e s p o n s e s  in c lu d e  a c c e le r a t in g  

w ound  hea ling,  u lcer  hea l ing ,  r educ ing  gas tro in tes t ina l  t ract  acid 

secret ion,  and inhibit ing hair growth.  It also has complica ted  effects  

on m a n y  organs  such as the k idney and l iver  as well  as the 

n e r v o u s  s y s t e m ,  p i t u i t a r y  h o r m o n e  s e c r e t i o n ,  a n d  the  

r ep ro d u c t iv e  sys tem  (45).

S ince  E G F  and its fami ly  m embers  show diverse bio logical  

functions,  m any  efforts  have been made to exp lo re  their  react ion 

m e c h a n i s m s  and  s t r u c t u r a l  f e a tu r e s .  In r e c e n t  y e a r s  h igh
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r e s o lu t io n  m u l t ip l e  d im e n s i o n a l  N M R  s tud ie s  h ave  p ro v id e d  

struc tura l  de ta i ls  about  E G F  and its fami ly  members .  In general ,  

there are two subdomains  in the EG F molecu le :  res idues  1 to 32, 

and res idues 33 to 53. The  N H 2- te rm ina l  subdom ain  is made  of  

loops A and B, and contains one antiparal lel  (J-sheet. The C O O H -  

te rminal  subdom ain  is made  of  the C loop,  which con ta ins  one 

shorter  P-sheet .  The  structure o f  T G F a  has also been obtained by 

2 D -N M R  spectroscopy and was found to be similar  to that of  EGF. 

S yn the t ic  pep t ide  f r ag m e n ts  co n ta in in g  C O O H - te rm in a l  d o m a in  

with intact disulf ide bonds have been found to have little or  much 

lower  puta t ive biological  act ivi ty  (49).  This  may indicate that to 

obta in  the full biological  act ivi ty o f  EGF, r ight  conformation  and 

cor rec t  am ino  acid sequence  for  in te rac t ing with  the recep to r  is 

r e q u i r e d .

S im i la r  cys te ine  pa i r ing  s tructures  are found  in a d iverse  

ar ray  of  proteins.  These  inc lude  ex t race l lu la r  pro te ins ,  inc luding 

v i t amin  K -dependen t  blood coagu la t ion  pro te ins  (50 )  and severa l  

co m p le m e n t  system prote ins  (51). This  module  is al so  seen in a 

number  of  cel l-surface proteins,  such as the low densi ty lipoprotein 

(LDL) receptor  (52),  and the D ro s o p h i la  N o tch  protein (53). These 

E GF-like  modules  are class if ied into di fferent  groups  due  to their 

d i f f e re n t  s e q u e n c e s  and func t ions .  O ne  g ro u p  of  the m odu les  

includes EGF,  T G F a ,  and several viral proteins.  The modules  in this 

g roup  can  bind  to E G F  rece p to r  and  have m i togen ic  ac t ivi ty.  

A no the r  g roup  of  the EG F-l ike  modules ,  inc luding  blood clo t t ing
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p ro te in s  and  r e c e p to r  p ro te in s ,  m a y  be i n v o lv e d  in c e l lu la r  

interact ions.  Biologica l  functions o f  EGF-l ike modu les  in the later 

g roup  is still un d e r  invest igat ion .  F igure  1.5 i l lust ra tes sequence  

homology  between EG F and some o f  the EGF-like modules.

F ig u r e  1.5. S e q u e n c e  c o m p a r i s o n  by a l i g n in g  c y s t e i n e  

residues of  hEGF, h T G F a ,  human factor IX first EGF-like module and 

bovine factor  X first EGF-like module. (hEGF: human EGF, h T G F a :  

human T G F a ,  hFIX: the first EGF-like module of  human factor  IX , 

bFX: the first EGF-like module of  bovine factor X .)

hEGF: NSDSE PLSHDGVCLHDGVCMYIEALDKYACNCWGVI GERCQVRDLKWWELR

hTGFrf: SHFNDCPDSHTQFC FH-GTCRFLVQEDK PAC VCHSGVVGARCEHADLLA

: — ESNPCLNGGSC--KDDINS VECW IPFGFEGKNCELDVThF IX : VVDGDQ

b F X : KDGDQC— EGHPCLNQGHC--KDGIGDYTCTCAEGFEGKNCEFSTR

1.5. C a lc iu m  in the c lo tt ing  system

The impor tance  of  calcium ion in biology and physio logy has 

been  n o t i c e d  s ince  the last  c e n t u ry .  In 1882,  R in g e r  f irs t
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d em o n s t ra ted  that  m i l l im ola r  ca lc ium  is required  for  m a in ta in ing  

contract ion  of  eel and frog hearts (54).

Ca lc ium ion is one of  the four  s ignif icant  alkali and alkaline 

earth metal  ions ( the o ther  three ions are K + , N a + , and M g 2 + ) in 

living systems. It exists plentiful ly in shells and corals as CaCO}, and 

occurs  as hydroxyapat i te ,  C a i o ( P 0 4 )6( O H ) 2, in skeletons of  insects 

and vertebrates (74). In biological  fluids, C a 2+ is involved in many 

b io logica l  func t ions ,  such  as musc le  con t rac t ion ,  b lood clot t ing ,  

n e u r o t r a n s m i t t e r  r e l e a s e ,  m i c r o t u b u l e  f o r m a t i o n ,  i n t e r c e l l u l a r  

c o m m u n ic a t io n ,  ho rmonal  responses ,  exocy tos i s ,  fe r t i l i zat ion ,  cell 

fusion,  adhes ion  and growth.  Many o f  these C a2+ related biological  

act ivit ies  occur  by interac t ion  with proteins (55).

The major effect due to associat ion and dissociat ion of  calcium 

binding  to protein is of ten  a conformat ion  change.  Usually ,  there 

are seven or  eight ,  rarely six, coord ina tion  sites for  ca lc ium (55). 

C a l c iu m  b ind ing  si tes in pro te ins  are c o m p o se d  o f  nega t ive ly  

charged  and neutra l  oxygen  donors ;  ni trogen donors  are un likely  

and none  have been  found  in pro te ins  (55).  The  m a jo r  donor  

groups  from the protein to the calcium ion are carboxylate groups,  

carbonyl oxygens  of  the amide backbone ,  and hydroxyl  g roups  of  

ser ine  and th reon ine  s ide  chains .  These  d o n o r  g roups  b ind  to 

ca lc ium through oxygen  a tom in d ifferent  ways.  Some are close  to 

each  o ther  sequenti a l ly ,  som e are dis tr ibu ted  in distan t  in amino  

acid sequence .  The later  depends  largely on a prede te rmined  fold 

which  ga thers  those donors  close in space to genera te  a rather
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immobile cavity for calcium. The amino acid side chains involved in 

ca lc ium binding are those of  Asp,  Glu,  Asn,  Thr,  and Ser in most 

cases  (56).

Calc ium ion plays an impor tant  and unique role in clot ting.  

The clot ting cascade (figure 1.1.) shows that calcium ion is a cofactor  

in many act ivat ion steps, including act ivat ion of  FX to FXa by FIXa. 

There are at least two ca lc ium-b ind ing  regions  in ca lc ium related 

clo t t ing  proteins.  One is the Gla dom a in ,  in which  ca lc ium ion 

binding is thought to bridge carboxyla te  groups  of  Gla res idues of 

the m e m b r a n e  b in d in g  s t ruc tu re  and  p h o s p h a te  g ro u p s  o f  a 

m e m b ra n e  sur face  (57).  The o the r  is the t ight  ca lc ium  binding 

region.  The location of  a high affinity calcium binding site in protein 

C was  published recently by Rezaie et al. (58). It was  reported that 

the high affini ty C a2 + - binding site important  for the act ivat ion of  

protein C is located outside of  the first EGF-like module,  and the 

C a 2+ binding site in the first EGF-like module may not be a high 

aff ini ty site in intact  protein C (58). Since factor  IX and protein C 

are the same fami ly  m em bers ,  they  both  have  s imi la r  dom a in  

structures. A calcium binding site in the first EGF-l ike module was 

reported for  both proteins. It is interesting to know the property of 

the calcium binding site in this region,  and,  of  course,  to locate the 

high af f in i ty C a 2+ binding site out of  the EGF-like module.  The 

ca lcium binding at FIX-EGF1 region was studied in this project,  and 

it will be discussed in section 3.3.
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1.6. 2D-NMR in determination o f  protein solution structure

During the last decade ,  nuc lear  magnetic  resonance  (N M R )  

has  been  in t ro d u c e d  as a n o th e r  m e th o d  for  p ro te in  s t ruc tu re  

d e t e r m i n a t i o n  in a d d i t i o n  to  the  w e l l - e s t a b l i s h e d  X - r a y  

c r y s t a l l o g r a p h y  t e c h n iq u e s .  N M R  e n a b l e s  o n e  to s tu d y  the 

structural  de tai ls  in so lut ion and other  noncrys ta l l ine  states.

T h e  fu n d a m e n ta l s  of  2 D - N M R  are i n t r o d u c e d  in m any  

e x c e l l e n t  tex ts  (59 -64) .  B as ica l ly ,  mos t  2 D - N M R  e x p e r i m e n t s  

in v o lv e  fou r  t ime per iods :  a p rep a ra t io n  pe r io d  w h ich  is a

re laxa tion de lay to ensure  that the spin system is in equi l ibr ium; 

an evolu tion  period ( t j )  during  which spins process  at their  own 

cha rac te r i s t i c  f requenc ies ;  a m ix ing  period  or  m ix ing  pulse  to 

t r ans fe r  c o h e re n ce  be tw een  spins;  and a de tec t ion  per iod  ( t2 )  

dur ing  which the nuclear  magnetiza t ion  is sampled .  A num ber  of 

exper im en ts  are recorded  with success ive small  inc rem ents  in the 

evolution t ime t) to generate a t ime-domain matrix S ( t i , t 2 )- Then,  

t w o - d i m e n s i o n a l  F o u r i e r  t r a n s f o r m a t i o n  (F T )  g e n e r a t e s  the 

f r e q u e n c y - d o m a in  ma tr ix  S ( o ) i , o ) 2 )  which  is a tw o-d im ens iona l  

spec trum (65).  There  are two type o f  exper iments  which serve as 

m a j o r  a p p r o a c h e s  f o r  s t r u c t u r e  d e t e r m i n a t i o n .  O n e  is 

h o m onuc lea r -co r re la ted  spec t roscopy  (C O SY ) .  The  c ros s -peaks  of  

C O S Y  arise from through-bond connectiv i ty (65). CO S Y  is used to 

identi fy  the charac te r i s t ic  ne tw orks  of  sp in -sp in  coup led  protons  

as socia ted  with d ifferent  am ino  acids  in a protein.  A num b e r  of  

var ious  fo rms  o f  C O S Y  ex p e r im en t s  are d e s ig n ed  for  d i f fe ren t
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purposes .  C o m m o n ly  used  C O S Y  e x p e r im e n t s  inc lude  re layed-  

C O S Y ,  total corre la ted  spec troscopy (T O C S Y  or  H O H A H A ) ,  and 

double quantum filtered COSY (DQF-COSY).

T h e  o t h e r  m a j o r  e x p e r i m e n t a l  a p p r o a c h  is n u c l e a r  

O v e rh a u s e r  e n h a n c e m e n t  spec t roscopy  (N O E S Y ) ,  which p rov ides  

in fo rm a t io n  about  p ro ton -p ro ton  in te rac t ion  th rough  space  (66- 

6 7 ) .  The  c r o s s - p e a k s  o f  N O E S Y  a r i s e  f ro m  th r o u g h - s p a c e  

correlat ions.  For short  mix ing  t imes in N OE SY  exper iments  ( less 

than 50 ms for smal l  prote ins  o f  few er  than 100 am ino  acid 

r es idues ) ,  only  re la t ive ly  short  in ter -p ro ton  d i s tances  ( less  than 

3-3.5A) will give rise to observable NOEs.  If the mixing time is set 

longer,  more  NOEs can be observed (distance be tween protons  up 

to 5A) (64). However ,  at longer mixing t imes,  spin diffusion may 

yield mis leading  cross-peaks.

S e q u e n c e - s p e c i f i c  a s s i g n m e n t : Th is  is the first s tep for

s t ru c tu re  d e t e rm in a t io n  o f  p ro te ins .  A s s ig n m e n t  usua l ly  s tar ts  

with identif icat ion of  resonances  belong ing to the same amino  acid 

residue.  This  information can be acquired  from CO S Y  exper imen ts  

w h ich  p ro v id e  t h ro u g h -b o n d  J - c o u p l in g  c o n n e c t iv i t i e s  be tw ee n  

p ro tons  be long ing  to the same spin system. The  ass igned  spin 

system is then classified to a specific amino acid type or  a group of 

a m i n o  ac id  types .  In ad d i t io n  to t h r o u g h - b o n d  c o n n e c t iv i ty  

in formation ,  th rough-space  N OEs can also p rovide  information for 

identif ication of  certain amino acid types. For instance,  one can look 

for c ross-peaks  o f  CP protons and aromatic  pro tons  for  aromatic
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am ino acids in NOESY. After the amino acid type has been identified,  

N O E s  are used for  connec ting  one am ino  acid res idue to another ,  

of ten aided by a known protein sequence.  A schematic i l lustrat ion 

o f  N OE connec tion between amino acid residues are given in Figure

1.6. In this  f igure,  d is tance  separat ion  which  leads to the N OE 

connec t ion  be tween  the alpha proton o f  a p roceed ing  am ino  acid 

and the am ide  pro ton  o f  the next  am in o  ac id  is p resen ted  as: 

d a N = d ( C a Hj,  N H j + i ) .  The distance between amide  protons next to 

each  other  is presented as: d N N = d ( N H j ,  N H j + i ) .  The di s tance

between the beta  proton of  proceeding amino  acid  and the amide 

proton of  the amino acid following it is presented as: d p N = d ( C P H j ,  

N H j  + i) .  Those notations are also used elsewhere in this text.

S e c o n d a r y  s t ruc tu re  de term ina t ion .  S e c o n d a ry  s t ruc tu re  of  

a protein can  be ass igned  from long range N OE s,  such as n o n ­

s e q u e n t i a l  d a a  (N O E  cross  peak be tw een  C a Hi and C a Hx; x

represents  an arbi trary posi t ion,  but not a sequentia l  one)  in D 2 O 

so lu tion ,  and  d p N . d a N . a n d  dNN N O E s  in H 2 O so lu tion .  The 

pa ram ete rs  used for  secondary  s tructure a s s ig n m e n t  are l isted in 

Figure 1.7.
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F igure  1.6. S chem at ic  i l lu s tr a t ion  of  the sequen t i a l  a s s ignm en t  

procedure is listed. The amino acid 1, 2 and 3 are identified first by 

th rough-bond  2D -C O S Y  exper iments.  Adjacent  am ino  acid residues  

are then identif ied by looking for  NOE connec tions  be tween them. 

Those N OE connect ions  include d a N = d ( C a Hj,  NHj+i) ,  dN N = d(N H j ,  

N H i+1). and dpN=d(CPHj, N H i+i) (68).

i+1 |
- N  C —- N  C C -

NN
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Figure 1.7. N M R  paramete rs  used to identify secondary  

in proteins (69).

s tructure

P-sheet

a-hel ix

d a N  -  2.2A

dNN = 2.8A 3jHNa< 5 . 5 H z

d a N  (i. i+3)= 3.4 A 

d a p  (i* i+3) = 2.5 - 4.4 A

P-turn d N N  (3,4) = 2.4 A

d a N  (2,4)= 3.3 A

2 0I------------- “0 3

-C=0 HN-
1 0 0 4

A n o th e r  va lu ab le  c o m p le m e n t  to N O E  d i s t a n c e  da ta  for 

pept ide  backbone  conformation study is the use o f  vicinal  spin-spin 

c o u p l in g  c o n s t a n t s ,  w h ich  are to r s ion  ang le  d e p e n d e n t .  The  

backbone  con fo rm a t ion  o f  a pept ide  is def ined  by th ree  to rs ion 

angles  for  each  cons t i tuent  am ino  acid res idue.  The confo rm at ion  

about  a peptide  bond itself is described by the d ihedral  angle co,
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while those about the C a - N  and C a - C O  bonds  are described by 0 

and y ,  respectively.  Figure 1.8 shows a pept ide  segment with these 

ang les  (70).  The Karplus equa t ion  gives a re la t ionsh ip  be tween  

coupl ing  cons tant  and angle 8. 3JHNa = A + B c o s  8 + C cos2 0 (70- 

72).  with 8 = 10 - 60°l and 3JhNcx given in hertz. In this equation.  A, 

B and C are cons tan ts  used for elect ronegativ i ty  correct ion .  Based 

on correlat ing with 3Jhn<* and the 0 angles in the crystal  s tructure 

o f  BPTI  (bov ine  pancrea t ic  t rypsin inhib i tor) ,  the equa t ion  for

J H N a  was given as: 3J h N o = 6.4 cos2 8 - 1.4 cos 8 + 1.9 (68).

Individual small (< 6.0 Hz) or large (> 8.0 Hz) 3J HNa coupl ings are

com bined  with NOE data to identify hel ical or  P -shee t  s t ruc tu re s ,  

r e spec t ive ly  (68).

The format ion  of  hydrogen bonds be tween  backbone  am ide  

protons  and backbone  carbonyl  oxygens  is one o f  the features  in 

p e p t id e  s e c o n d a ry  s t ruc tu re s .  The  o b s e r v a t i o n  o f  the a m id e  

exchange  rate dur ing an NMR exper iment  is a com m on method to 

d e t e rm in e  the loca t ion  of  the hydrogen  bonds .  In a P - s h e e t  

s t ru c tu re ,  a h y d ro g e n  b o n d in g  n e t w o r k  b e tw e e n  n e i g h b o r i n g  

strands is expec ted .

C a l c u l a t i o n  o f  three  d im e n s io n a l  s t r u c tu r e  by  d i s ta n c e

g e o m e t r y .  The final step of  a structural determina tion  is to find
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F igure  1.8. A schem at ic  d ia g ra m  o f  a pep t ide  f r ag m e n t  with 

dihedral  angles shown. A pept ide  fragment  (L -am ino  acid residue) 

in the ex tended  co n fo rm a t io n  (0 = y  = co =180°)  and the initial 

project ions 0 = y  = to = 0° for torsion angle determination (Redrawn 

from re fe rence  69).

th ree -d im e ns iona l  s truc ture  f rom N M R -d e r iv ed  cons t ra in ts .  There 

are tw o  genera l  ap p roaches  to gene ra te  s truc tu res  from N M R-  

derived  constraints .  One  way is distance geometry .  It uses a matrix 

m e thod ,  nam ed  em bedd ing ,  to conver t  d is tances  be tween  po in ts

H



into coord ina tes (73). Another  way is to use a model  s tructure or a 

ran d o m  s truc tu re ,  and app ly ing  cons t ra in t s  d i rec t ly ,  w i thou t  the 

em bedding  step (73). In the FIX-EGF1 structure de termina tion ,  the 

d i s t a n c e  g e o m e t r y  m e th o d  was  used .  D is tan ce  g e o m e t r y  can 

p roduce  one or  more  m o le c u la r  s t ruc tu re s  that  m ee t  a set  of

c o n s t r a i n t s  f rom N M R  e x p e r i m e n t s .  The  m o l e c u l a r  s t r u c tu re  

genera ted  f rom d is tance  geom etry  m e thods  is ca l led  a "star t ing 

structure".  A starting structure is produced  by fit ting with the trial 

d i s ta nces ,  w h ich  are c h o s e n  as r a n d o m ly  d i s t r i b u te d  be tw ee n  

upper  and lower  boundary  cond i t ions  (73).  G enera l ly ,  a s tar t ing 

con fo rm a t ion  does  not meet  all the cons t ra in ts .  It may not  be

ad jus ted  to the best  va lue for ene rgy ,  ang les ,  or  fit to N OE

intens i t ies .  Af te r  genera t ing  a set o f  s tar t ing  con fo rm a t io n s  with 

a lm o s t  e q u a l ly  g o o d  a g r e e m e n t  to d i s t a n c e  c o n s t r a i n t s ,  the 

conformers  with sufficiently high energy  can be d iscarded direct ly,  

and a small number  of  conformers  with lower  energy  will be used 

as input for  more soph ist icated re f inement methods  (73).

R e f i n e m e n t .  This is an important  s tep for obtaining a solution 

s t ruc tu re .  A s t ruc tu re  g e n e ra te d  us ing  the d i s t a n c e  g e o m e t ry  

m e th o d  has  som e  u n d e s i r a b l e  f e a tu r e s ,  such  as u n f a v o r a b l e

potential  energy  due to the large num ber  o f  small  d is to r t ions  in 

ge o m e t ry  and  c lose  n o n b o n d e d  con tac ts .  T hese  are acc ep tab le  

e r ro r s  in the  d i s t a n c e  ge o m e t ry  o b je c t iv e  fu n c t io n ,  bu t  they  

con t r ibu te  a large repuls ion  to the a tom pa ir  potential  func tions  

(73) .  An o b je c t iv e  (or  e r ro r )  fu n c t io n  is used  to e x p r e s s
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cons tra in ts ,  or  to deal with violat ions of  constraints .  There are two 

com m on ways  to do this. The first method assigns a target value for 

the p a r a m e t e r  o f  in t e re s t .  The  o b je c t iv e  f u n c t io n  m e a s u r e s  

devia t ions  from the op timum value.  Alte rnat ively ,  one can specify 

upper  and lower  bounds  on a par t icu la r  parameter .  No penalty is 

assessed when a distance or  an angle falls within its bounds,  but a 

te rm  is ad d ed  to  the o b je c t iv e  func t ion  w hen  the b o u n d a ry  

condi t ions  are violated.  Most versions of  distance geometry  use this 

second method  for  handl ing  cons tra in t  violat ions.  In the l i terature,  

" o b j e c t i v e  fu n c t i o n  " and  " e r ro r  fu n c t io n "  are o f t e n  used  

in te rchangeab ly .  There  are a num b e r  o f  com pu ta t iona l  programs,  

such as A M BE R,  C H A R M M , or ECCEP,  that can dramatical ly reduce 

the un fav o rab le  ene rgy  w i thou t  much change  in the fit to the 

d i s tance  cons t ra in ts .  These  p rog ram s  a l low m in im iza t ion  o f  the 

energy  while res train ing the atomic pos i t ions close to their initial 

va lues  (73).
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Chapter Two

2. S tructure  and funct ion re lat ionship  study o f  the first 

EGF-like module o f  human factor IX

The first s tep of  this research project  was  to synthes ize the 

f irs t EG F- l ike  m odu le  o f  human factor  IX (45-87)  ( F IX -E G F I ) .  

F igure  2.1.  dep icts  the am ino  acid sequence  o f  this module  with 

d i s u l f i d e  l inkages .  After  f ind ing  that the synthe tic  F IX -E G F I  is 

devoid o f  any in vitro EGF-like act ivity,  a number  of  chimeric EGF 

analogs  using FIX-EGFI  as a f ramework were synthesized.  For the 

purpose of  this study, EGF was divided into five subdomains:  the NH 

terminal ,  from the first am ino  acid to before the first Cys  residue; 

the A loop,  (am ino  acid res idues  be tween the first and the third 

Cys);  the B loop,  (amino acid residues between the second and the 

fourth Cys  residues);  the C loop,  (amino acid residues be tween the 

f ifth and sixth Cys  residues);  and the C- te rminal  ( the am ino  acid 

res idues  after  the sixth Cys  res idue).  The ch imer ic  ana logs  were 

d e s ig n e d  to ana ly z e  the E G F  s ubdom ain  c o n t r ib u t io n  to EGF 

b io logica l  ac t ivi ty .  Knowledge  of  the th ree -d im ens iona l  s tructures 

o f  human and mouse EGF, as well as of  human TGFa,  together with 

a m ino  ac id  sequence  com par isons  led to a c lass i f ica t ion  of  two 

d if fe ren t  kinds  o f  im por tan t  res idues in E G F  (74).  Res idues  that 

seem to play their major  role in stabil izing the structural  integrity 

o f  the protein are Cys6 , C y s 14, Cys20, C y s 31, C ys33, Cys42 , G l y 18, 

G l y 36, G ly39 and Tyr37 in EGF. There are other  res idues that may 

be respons ib le  for  specific receptor  recognit ion.  All these residues:
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T y r 13, L e u 15, H is 16, Arg41, and Gin45 except Leu47 are on one side 

o f  the m o lecu le  (74).  T here fo re ,  they are l ikely to be d irec t ly  

involved  in a specif ic  in te rac t ion  be tween  E G F  and its receptor .  

Based  on seq u en ce  c o m p a r i s o n s ,  F I X - E G F I  shares  about  30% 

s e q u e n c e  h o m o lo g y  with  E G F  and c lo se ly  r e la ted  p ro te in s  or 

pep t ides .  H o w e v e r ,  those  h o m o lo g o u s  a m in o  ac ids  m os t ly  are 

s t r u c t u r a l  r e s i d u e s ,  su ch  as c y s t e i n e s  and  g ly c in e s .  S o m e  

conserved  residues  such as T y r 15, Ty r57, Arg41 , Asp46 and Leu4 7 - 

are found in EG F and its closely  related molecule s  with EGF-like 

act ivi ty,  but they are not in F IX -E G F I .  The  dis tr ibu tion of  these 

conserved amino acids in EG F is in the A-loop,  C- loop and carboxyl

terminal .  B- loop  in EG F  seems to play a s tructural  role.  In this

project ,  four groups ,  cons is t ing  of  a total of  15 ana log  peptides,

were  syn thes ized  (F igure  2.1.) .  In g roup  1 three ana logs  were 

des igned to examine the role of  the A-loop in EGF-like activity. The 

size o f  the A-loop in FIX-EGFI  is three res idues shorter than EGF. 

There fore ,  in analog 1 seven  res idues  f rom m E G F  (m E G F  7-13)  

were coupled instead of  F IX -E G FI  residue 8-11 to enlarge the loop 

size, and to insert a conserved  T y r 13 into it. In analog 2 a fragment 

of  hEGF 7-16 was coupled to replace a larger  portion of  the A-loop.  

For analog 3, hEGF 1-16 was used to replace most  of  the A-loop and 

all the NH-terminal  of  F IX-EGFI.

Group 2 was des igned  to examine  the role of  the A and B- 

loops.  Analog  4 was  syn thes iz ed  with h E G F  A - loop  and B-loop 

sequence  rep lacement,  while analog  5 had the add it ional  insert ion
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of  hE G F  V a l34 and Ty r37 into the corresponding  posit ion in FIX- 

E G F I .  The  rep lacem en t  P ro30 by Val34 was to avoid an unwanted 

bend at this posi t ion ,  the rep lacem en t  of  P h e 33 by T y r37 was  to 

exam ine  if  the polari ty of  the side chain in the residue plays any 

role for the structural  integrity.

The g roup  3 con ta ined  7 analogs  of  vary ing  s tructure .  In 

analog 6, Arg41 of hEGF was the only residue used to replace A sn37 

in F IX -E G FI  is considered as an important residue that plays both 

roles  o f  r ecep tor  recogni t ion  and st ruc tural  s tab i l izat ion in EGF

(75). Analog 7 had whole hEGF C-loop sequence replacing the FIX - 

EGF1 C-loop.  Analog 8 is similar to analog 7, but with the addition of 

the Y GD Y  sequence from m E G F  inserted to enlarge the A-loop and 

also kept a conserved  residue T y r 13. P r o 11 of FIX-EGFI was deleted 

to avoid a possible bend at this posi tion. In analog 9 two residues 

(Arg-Phe)  from TG Fa was inserted to enlarge the B-loop in addition 

to the same changes  in analog 8. This  sequence was  chosen  from 

T G F a  because it conta ins  a posi t ively charged Arg res idue at that 

posi t ion ,  which made the ent ire  molecu le  less negat ive ly  charged.  

In analog 10 a Pro was placed next to the first Cys,  as is found in 

hEGF, in addit ion to the same changes  as in analog 9. In analog 11

whole  C- loop  and carboxyl tail of  FIX-EGFI  had been rep laced by

h E G F  sequences,  in addit ion,  its A - loop had been en larged  as in

analog 9, but the B- loop was unchanged.  In analog 12 only the B-

loop of  FIX-EGFI remain,  the rest of  the sequence is that of  hEGF.



Group 4 was des igned  with the considera t ion of  the results of  

s tructure-function studies o f  TG Fa (Ala- and D-amino acid scan) by 

Professor J. P. Tam, and his coworkers  at The Rockefel ler  Universi ty

(76). Those  am ino  acids  cons idered  as potentia l  con t r ibu to rs  to 

EG F - l ike  ac t iv i ty  were  used to rep lace  the co r respond ing  amino  

acids in F IX -E G F I .  Ala res idue rep lacement at certain pos i t ions in 

T G F a  s h o w e d  i n c r e a s in g  E G F - l ik e  a c t iv i t y  s l ig h t ly .  Thus ,  

corresponding  Ala-  rep lacements  in FIX-EGFI  were performed.  The 

posit ions where Ala rep lacement for the nat ive amino acid residues 

w ere  m a d e  are show n  by a r row s  in F igure  2.1.  The  m a jo r  

difference between analog 13 and 14 is that the A loop in analog 14 

was en la rged  by adding  in P ro8 , H i s 11, S e r 12 and T y r 14 (dele ted 

the nat ive P r o 14). The  dif ference between the analog 14 and 15 is 

on ly  the T y r / P h e  r e p l a c e m e n t  at p o s i t i o n  38 ,  and  A la /G lu  

rep lacem en t  at posi t ion 41.  The am ino  acid sequences  of  all 15 

ana logs  are d ep ic ted  in F igure  2.1.  F igure  2.2.  i l l u s t r a t e s  the 

schematic  d iag ram  o f  the subdomain  rep lacement  on the synthetic 

ana logues .  The lines indicate the F IX -E G F I  sequence ,  the boxes 

rep resen t  the r ep lacem en t  by E G F  sequence ,  and the thin lines 

indica te  the gaps. The synthet ic  products  were  cha rac te r ized  and 

their EGF-like act ivit ies  were  examined.



Figure 2.1. Schem at ic  d iagram of  the structures of  F IX -E G F I  (45-

87),  its 15 ana logs ,  and h E G F  (1-48)  The shaded  am in o  acid

res idues  in each  analog  presen t  the al te ra t ion  in sequence  from

native  F I X - E G F I .  In G roup  4, the a r row s  indica te  the pos i t ion  

where the nat ive amino acid has been replaced by alanine (74). The 

dashed  l ines in ana logs  ind ica te  the hydrogen  bond ing  found  in

native sequences of  EGF and FIX-EGFI .



FIX-EGFI 1-43 (45-87).

hE G F (1-48)
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A. Group 1 analogs 
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Group 3 analogs
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Group 4 analogs

Analog 13
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F ig u re  2 .2 .  S c h e m a t ic  i l lu s t ra t ion  of  s y n th e t ic  c h im e r ic  

analogues.  FIX-EGFI sequence is on the top, while hEG F sequence is 

on the bottom.  In the analog  sequence ,  the l ines rep resen t  FIX- 

E G F I  sequence ,  the boxes  represen t  h E G F  sequence  and the thin 

l ines represen t  the gaps.

FIX-EGFI. YYDGDQCESNP CLNGGSC KDDINSYECWCPFGFEGKNCELDVT

1.

2

3. L

4. —

8 .

9.

1 0 .

5 I —    T— T>

6 ■ —  —      C>

7. I ---------

11 . —  - i . -  -I— i-

12 . i : = >

13. —   □ (ZZH--------------- HH------ H-D—□

14. r > n —n  i— m---------------t—i------ k w h

15. D C - 0  O C
I I---------- 1--------------------1---I----------------1

hEGF NSDSECPLSHDGYCLHDG VC MY IE ALDKYACNC VVG YIGERCQYRDLK
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2 .1 .  E x p e r i m e n t a l  p r o c e d u r e s

So l id -phase  pep t ide  synthesis .  All pept ides were synthesized 

manually  by the stepwise solid phase approach (77). The  synthesis  

star ted with N a - t e r t - B o c - a m i n o  a c i d - O C H 2 -Pam resin (0.7 - 0.8 

m m ol /g  o f  resin,  Applied Biosys tem Inc.).  The  amino  acid on the 

Pam resin was  varied,  depend ing  on the C - te rm ina l  s equence  of  

each pept ide.  The  Boc group was  chosen for the protect ion of the 

N a -amino terminus. The  protect ing groups for s ide chains  of  amino 

acids were as follows: Asp(OBzl) ,  Cys(4-MeBzl) ,  Glu(OBzl) ,  His(Dnp), 

Lys(2-CIZ) ,  Ser(Bzl) ,  Thr(Bzl ) ,  and Tyr(2-BrZ) .  The  conven t iona l  

deprotect ion of  the Boc group by TFA and neutral izat ion before the 

c o u p l i n g  s tep  w as  m o d i f i e d  w i th  the fo l l o w i n g :  1. 0 .0 5 %

ethanedithiol  (EDT) and 0.05% o f  dimethylsu lf ide (DMS)  were added 

into the TFA prewashing solution (50% TFA in C H 2 C I2 ); 2. the resin

was washed with D M F  one time before using the DIEA neutral izat ion 

solut ion.  Double  coupl ing  was carr ied out for  all syntheses .  Boc- 

am ino  acid  and coupl ing  reagents  used for  each  coupl ing  were in 

three fo ld exce ss  to the subs t i tu t ion  si tes on res in.  The  f irst 

coupl ing  was mediated by DCC only.  The second coupl ing was  by 

symmetr ica l  anhydr ide  in C H 2C I 2 : D M F  ( 1: 1, v/v)  for  most  amino 

acids except  Boc-Asn,  Boc-Gln and Boc-Arg(Tos),  for  which HOBt 

coupling in D M F was used. Another exception was  for Boc-Gly which 

was media ted by the DCC method only.  Each amino  acid coupl ing  

was  found  to be sa t i s fac to ry  by the quan t i ta t ive  n in hyd r in  test

(78)  before  go ing  on to the next  s tep.  Resin  hyd ro ly s i s  was
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p erfo rm ed  at the middle  stage of  each  syn theses  to moni to r  the 

p rogress  o f  the coup l ing  reac t ions .  The  syn the t ic  p ro toco ls  are 

l isted in Tab le 2.1. Figure 2.3 shows am ino  acid  ac t iva t ion  and 

coupl ing  reac t ions .

Table 2.1. Solid Phase Synthesis Protocol (for Boc-am ino  

a c id ) .

1. DCC coupling 
DeBoc:

50% TFA /CH2CI2 (+ 0.025% DMS, 0.025% EDT) 2 x 2 min 
50% TFA /CH2CI2 1 x 20 min

C H 2CI2 3 x 1 min
DfoF 1 x 1 min
5% DIEA/DMF 3 x 2 min

CH2CI2 3 x 1 min
Coupl ing:

amino acid in CH2CI2 0.5 min

DCC/CH2CI2 60  min
Adding in 1/3 volume of  D M F to the reaction mixture after 

45 min coupl ing reaction.
W as h in g :

CH2CI2 2 x 1 min
D Nf 1 x 2 min
5 % DIEA/DMF 1 x 2 min

CH2CI2 3 x I min
N inhydr in  test (78)
Recoup l ing :

Amino acid in C H 2CI2 1 min
DCC/CH2CI2 60 min*
*: If the ninhydrin test indicated over  99 .5% coupling,  the 

second coupl ing time was shortened to 30 - 45 min.
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2. HOBt coupling:
DeBoc:
50% TFA /CH2CI2 (+ 0.025% DMS, 0.025% EDT)
50% TFA /CH2CI2
C H2CI2
E M 1
5% DIEA/DMF 

CH2CI2 
Coupling:

W F
Amino acid in D M F 
HOBt/DMF 

DCC/CH2CI2 
W ash ing :

DVF
5 % DIEA/DMF 

C H 2C12 
N inhydr in  test  
Recoup l ing :

DM7
Amino acid in D M F 

HOBt/DMF 

DCC/CH2CI2 
W ash ing :

DMF

CH2CI2

2 x 2 min 

1 x 20 min 
3 x 1 min 
1 x 1 min 
3 x 2  min 
3 x 1 min

2 x 2 min 
1 min (keep)
1 min (keep)
2 h

2 x 2 min 
1 x 2 min
3 x 1 min

2 x 2 min 

1 min (keep)

1 min (keep)
2 h

2 x 2 min
3 x 1 min
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Figure 2.3. The dicyclohexylcarbodi imide  (DCC) mediated amino  acid 

coupl ing  reaction are shown below.

CH3 O H o
1 11 i  *3 HC — C — O — C — N — C — C

<Ih3 4 A v
t-Butyloxycarbonyl amino acid 

(t-Boc amino acid)

D lcyc lohaxylcarbodllm lda  
( DCC)

” u
l-B oc— N — c  — C — O —C 

" l  ^A

Activated amino acid

H O

2^ “

n  u

t-B oc— N — C — C — N —C —
1 ' 1 1  Wn m

Amino acid 2 attached to raaln 

H O

H R2

DIpeptide attached to raaln

O n i
Dlcyclohexylurea
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Prior  to the HF cleavage,  the pep t ide -O C H 2Pam resin (300- 

500 mg) contain ing  His(Dnp)  residues was treated 5 to 6 t imes with 

about  15 to 20 mL of 1 M thiophenol  in D M F for 8 h/time.  It is an 

e ff ic ient  way  to remove N im -D np  protec t ing g roup from His. 50% 

TFA  in C H 2C I 2 (v/v)  was  used to remove the Boc group .  Afte r  

drying,  the pept ide-resin was ready for the HF cleavage.

H F  c leavage:  The low-high HF cleavage procedure (79) was 

carr ied out to cleave the peptide from the resin. In the low HF step, 

D M S ,  p -c reso l ,  and p - th iocreso l  were  t rans fe r red  in to  the HF 

react ion vessel  to premix with the peptide resin in the presence  of  

20 mg cyste ine .  The  addit ion of  cysteine was to minimize  the side 

react ions of  cysteinyl  thiols in the peptide during the workup.  After  

the HF reaction vessel was cooled down to -78 °C in an ace tone-dry 

ice bath for 30 min.,  HF was transferred to reach a final volume of 

10 mL to give a reaction mixture in the following ratio: HF : DMS : p- 

cresol : p-thiocresol ,  25 : 65 : 8 : 2 (v/v). The reaction was  al lowed 

to proceed for 2 h at 0 °C. After the removal  o f  HF and DMS, the 

high HF react ion was ini tiated by transferr ing 14 mL liquid HF to 

y ie ld  the fo l low ing  reac t ion  m ix tu re  rat io:  H F  : p -creso l  : p- 

thiocresol,  94 : 5 : 1 (v/v). The reaction went for  1 h at 0 °C. HF was 

then evapora ted .  The presence  of  equ im o la r  d imethyl  su lf ide  and 

H F  (3:1 by vo lum e)  changes  the c leavage  m e c h a n i s m  from the 

usual  S n L  which produces ca rbonium and ni t ronium ions,  to S n 2 . 

D im e thy l  sulf ide traps the ini tial p ro tona ted  in te rm ed ia te  before 

separa t ion  o f  a d iscrete ca rbon ium  ion can occur  (79). This  new
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p ro c e d u re  p reven t s  a lky la t ion  o f  ty ros ine  by O -b e n z y l  or  O- 

dich lo robenzyl  groups,  formation of  succ in imide peptide from Asp- 

Gly sequences,  and other  possible side react ions caused by cleaved 

s ide -cha in  p ro tec t ing  groups .  Para-creso l  is r e c o m m e n d e d  as a 

s cavenge r  in this  reac t ion.  The addit ion o f  p - th iocreso l  in the 

reac t ion  m ix tu re  is to c l eav e  fo rmyl  g ro u p s  f ro m  t ryp tophan  

r e s id u e s .

The resu lt ing  c rude  pept ide  with resin con ta in ing  aromatic 

scavengers  and organic byproducts  was ex tracted  twice with cold 

e t h y l  e t h e r / m e r c a p t o e t h a n o l  ( 9 8 :2 ,  v /v ) .  T h e  a d d i t i o n  o f

m e rc ap toe thano l  was  to p reven t  ox ida t ion  due  to any perox ide  

contaminants .  The crude peptide was then extracted into 100 mL of 

8 M urea with 0.2 M dithiothreitol (DTT) in a 0.1 M Tris-HCI buffer at 

pH 8.2 - 8.5.

Refo ld ing  and  Pur if ica t ion .  A sequential  dialysis  was used as 

the f irs t s tep in purif icat ion to remove the res idual  cresol  in the 

crude peptide solution.  The dialysis  condition was as follows: Spectra 

por 6 dia lysis  tubing,  molecula r  weight  cutoff ,  1000, against  2 L 

each of  0.1 M Tris-HCI (pH 8 .2-8.5) buffer  with decreasing  urea 

concentration from 8 M, 5 M, 3 M to 1 M, at room temperature for 

24 h. The  buffers were kept oxygen free by vacuum degassing,  and 

then N 2 -purging to prevent  premature  disul f ide format ion .  Dur ing  

the d ia lys is ,  no  p rec ip i ta t ion  was  obse rved .  A f te r  d ia ly s is ,  the 

peptide solut ion was di luted to 500 mL (about  0.1 mg peptide /mL) 

with 0.1 mM Tris-HCI (pH 8 .2-8.5). Mixed disulfide refolding and air
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oxidation methods were compared.  The mixed disulf ide method was 

ini t iated by incubation with 1 mM  oxidized  glu ta thione  and 1 mM 

reduced  g lu ta th ione  in the di lu ted pep t ide solu t ion  (pH 8 .2-8.5) . 

The air oxidation method was started by simply al lowing air to get 

into the diluted peptide solution.  The solution was  stirred slowly at 

ro o m  t e m p e ra tu re .  The  r e fo ld in g  p ro c e s s  was  m o n i to r e d  by 

analytic HPLC at the fol lowing conditions: Shimadzu HPLC system on 

a V Y D A C  C i s  reverse-phase (Separat ion Group)  column,  4.6 mm x 

25 cm; monitor ing  at UV225nm and elusion with a 30 min.  linear 

gradient of  15% to 85% of solution B at a flow rate of  1.5 mL/min.  

( so lu t ion  A: 5% C H i C N / 0 . 0 4 5 %  TF A ,  v/v.  so lu t ion  B: 60%

CH 3CN/0 .030%  TFA in aqueous  solution,  v/v).

The refolded pept ide  in 500 mL solut ion was purif ied by a 

p repa ra t ive  H P L C  (W a te r  sys tem ,  V Y D A C  C j s  r e v e r s e - p h a s e  

column: 2.5 cm x 30 cm),  at UV225nm and flow rate of  15 mL/min.  

with a l inear  gradient  of  C H 3C N /0 .04%  TFA from 10.5% to 38% 

C H 3CN. A second purif ication was applied if the product  was not 

s a t i s f a c to ry .

C h a r a c t e r i z a t i o n .  The  synthetic  produc ts  were analyzed  for 

their  pur i ty and integri ty by the fo l lowing  methods :  1. A na ly t ic  

HPLC:  The  collected fract ion from preparat ive HPLC was analyzed 

by analyt ic  HPLC with similar  condit ions to those mentioned  above.

2. A mino  acid analysis:  Peptide samples  were hydrolyzed in 5.7 N 

HC1 at 110 °C for  24 h. The hydrolyzing tube was kept loose during 

the first couple of minutes after the HC1 boiled,  to al low the air out.
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A nalys is  was  carr ied  out  with B eckm an  Sys tem 6300 .  3. Mass 

spectrometry:  The  molecular  mass of  each peptide was identif ied by 

C f -252  f is s ion ion iza t ion  m ass  spec t rom et ry  at T he  R ockefe l le r  

Un ivers i ty  Mass  Spec t rom etry  service cen te r  (80).  4. E n z y m a t i c  

digest ion to de termine  disulf ide linkages: Thermolys in  was used for 

the enzym at ic  digest ion  to es tab lish  the d isu lf ide  l inkages  of  the 

pept ide  products .  C om m erc ia l ly  purchased  the rm olys in  (Kuhl  und 

Trocken Lagern,  Germany)  was recrystall ized 4 times in 0.02 M Ca- 

ace ta te  buf fe r  by the fo l lowing  procedures .  T he rm o lys in  crys ta ls  

(about  30 mg) were suspended in 10 mL of cold 0.02 M Ca-acetate 

buffer,  pH 7.0. The  pH of  the suspension was  adjusted to 11.5 in an 

ice bath by dropwise addition o f  cold 0.2 N NaOH. The solution was 

cen t r i fuged  (3000  g,  2 min) to r em ove  any p rec ip i ta te  in the 

suspension at this pH. The  pH of the solut ion was then adjusted to 

8.5 - 9.0 with cold 0.2 N C H 3C O O H ,  ad d e d  d ro p w is e .  A n o th e r  

cen t r i fuga t ion  was  ca r r ied  out  to clari fy  the solu t ion.  Af te rw ard ,  

the pH of the clear  solut ion was  adjusted back to 7.0 - 7.2 with cold 

0.2 N C H 3CO O H  dropwise.  Crystals  appeared  after s tanding in cold 

room (about  4 °C) overn igh t  (81).  The  enzym at ic  d iges t ion  was 

performed in 0.1 m L  of  0.1 M pyridine-acetic acid buffer  at pH 6.5 

and 45 °C for  18 hr. The ratio of  the peptide to enzyme was 6 to 1 

(mol/mol) .  The digested sample was fil tered (Waters ,  pore size 0.22 

p m )  and separa ted on analyt ic  H PLC ( V Y D A C  C jg  r ev e r s e -p h as e  

column,  4.6 mm  x 25 cm; moni toring  at UV225nm)- The  f low rate 

was  set  at  0.5 mL/m in .  to get  bet ter  separat ion.  Each  peak was 

collected,  and hydro lyzed with 5.7 N HC1 at 110 °C for 24 hr. The



a m in o  acid con ten t  on each  d iges ted  f ragm en t  was  de te rm in e d  

us ing an amino  acid ana lyzer (Beckm an System 6300).

B i o l o g i c a l  a s sa y s .  The  abil ity to compete with 12H - E G F  

binding to EG F receptor  of  the synthetic  products  was tested on a 

subcon f luen t  m o n o la y e r  of  fo rm al in - f ixed  A-431 ce l ls  af te r  1 h 

incuba tion at 22 °C. A mi togen ic assay was  performed on normal 

k idney  ce l ls  ( c lone  4 9 F )  by d e t e rm in in g  the am o u n t  o f  H i  . 

t h ym id ine  incorp ora t ion  (49).

2.2. Results

S o l id  p h a s e  pep t ide  syn thes i s  a n d  H F  cleavage.  Dur ing  the 

syntheses,  the majo r  at tention was  to preserve the integri ty o f  the 

thiol  e th e r  l inkage  of  the six cys te iny l  res idues .  S e r ious  side 

reac t ions ,  such as modif icat ion of  the cys teinyl  s ide chain by S- 

te r t -butyla t ion  dur ing  the TFA deprotec t ion  of  the N a-Boc  g roup

(82),  as well as  oxida tion th roughout the synthesis ,  could  lead to 

predic tab le  failure.  To  avoid the S-tert -buty lat ion  side react ion  on 

c ys te ine  res idues ,  0 .05%  E D T  and 0 .05%  DMS were  added  as 

scavengers  in the first 4 min o f  the prewashing  step.  Because the 

half- life o f  the cleavage of  the Boc-group  in TFA is shorter  than 2 

min,  mos t  Boc-groups  will be removed  after p rewash ing  by TFA.  

T h e  p resence  o f  the thiol scavenge rs  in TFA  for  the 20 -m in  

deprotec t ion  cycle  may not be des irable since they  will acce lerate 

the loss o f  benzyl  side chain protect ing groups on cys teine residues



(83). This  com prom ise  adjusted the use of  thiol as a scavenger  and 

su p p re s se d  the d a n g e r  o f  los ing  benzy l  s ide  c h a in  p ro tec t ing  

groups. The synthesis  yield was about  80%.

The low-high HF cleavage method  gave a sat i sfac tory  result 

for all pept ide-resin products.  The low HF removed the benzyl - type 

protec t ing groups under a S n 2 cond it ion which min imized  the risk 

of  alkylat ion react ions.  The  high HF was  applied to rem ove  those 

a c id - re s i s tan t  p ro tec t in g  g roups ,  such  as the M eBzl  g r o u p  on 

cys teinyl  s ide chains,  and to cleave peptide from its solid support

(79).  The  c leavage  yie lds were obta ined from the res in hydrolys is  

after HF in the range of  90-94%. HPLC was followed after extract ion 

of  peptide from HF treatment.  Figure 2.4 shows the H PLC profile of 

nat ive FIX-EGFI after HF cleavage extracted in 8 M urea solution,  in 

which  the m a jo r  peptide peak and scavenger  peak are seen;  and 

the H PL C  profi le  of  nat ive F IX -E G FI  after  sequential  dia lys is ,  in 

which the scavenger  peak at 11 min is almost  vanished from sight.
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Figure 2.4. Ci8 reverse-phase analytic HPLC profiles o f  FIX-EGFI. 

(A) After HF cleavage. (B) After the sequential dialysis with 

decreasing the concentrations of urea. It shows that most p-cresol 

(peak at elution time 11 min) from HF cleavage was removed 

after dialysis. The peptide in the dialysis solution was still in the 

reduced state, since the HPLC profile shows that the elution time 

of the peptide peak is kept the same as the one after HF with DTT 

at 18 min.
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R e fo ld in g  a n d  p u r i f i c a t io n .  R efo ld ing  w as  conduc ted  in a 

s tepw ise  g rad ien t  of  l inear ly  lo w ered  u rea  c o n c e n t r a t i o n  under  

d ia ly t i c  cond i t ion  while  D T T  and o the r  smal l  im pur i t i e s  were  

r em oved .  At 1 M urea  concen t ra t ion ,  the pep t ide  so lu t ion  was 

di luted into 500 mL with 1 mM  reduced  and ox id ized  glu ta thione  

(about 10 to 15 fold excess) .  The disulf ide formation was monitored 

b> HPLC. The reduced peak after HF was  used as a reference to 

com pare  with the newly  formed peak.  Afte r  the refo ld ing  ended ,  

the HPLC peak corresponding to the refolded peptide eluted 2 to 5 

min earl ier  than the peak of  reduced form. The  t ime requi red  for 

refold ing varied from 1.5 h to 3-5 days.  Figure 2.5. dep icts  the 

HPLC elution profile of nat ive FIX-EGF1 and analog 10. In this figure 

the refolding results by mixed disulf ide method or air oxidation are 

compared.  It shows that the mixed disulfide refolding strategy gives 

b e t t e r  y ie ld s .  The  p e p t i d e s  w e re  a l l o w e d  to  r e a c h  a 

thermodx  nam ica l ly  c o n t ro l led  equ i l ib r ium .  V a r ious  in te rm ed ia te s  

c o u ld  be i n t e r c o n v e r t e d  to the c o r r e c t e d  p r o d u c t s  t h ro u g h  

constan t  opening and reforming disulf ide bonds  when reduced  and 

oxidized glutathione are present.  This  is not as likely to occur in the 

air oxida tion condit ions .  However ,  the refo ld ing  dura t ion  and the 

yield for those analogs  were very different .  Analogs  1, 6 , 10, and 

13-15 refolded within 2 to 5 h, and gave re la t ive ly  high yield. 

Analogs 2, 3, 8 , and 9 refolded in about 40 to 50 h, and gave lower 

yields.  Analogs 4, 5, 11 and 12 ended the refold ing  in about 15 to
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20 h, but  they did not give a p redominan t  refo lded product .  The 

durat ion for analog 7 lasted for about  5 days, and the yield was low.
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Figure 2.5. C i8  reverse-phase HPLC profiles of FIX-EGF1 and 

analog 10. The refolding methods of mixed disulfide-exchanging  

and air oxidation are compared. A. 1.: FIX-EGF1 refolded with 

reduced and oxidized glutathione. A. 2.: FIX-EGF1 refolded by air 

oxidation. B. 1.: analog 10 refolded with mixed disulfide method. 

B. 2.: the air oxidation product o f  analog 10.
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Figure  2.6.  i l lus trates  some refo lded  pep t ides  before  pur if ica t ion  

c o m p a r e d  with  pu r i f ied  pep t ides  on H PL C .  W i th  the overa l l  

im p ro v e m e n t s  in the syn thes is ,  all synthe t ic  p roduc ts  show ed  a 

distinct  major peak by HPLC in the crude peptide solution.  FIX-EGF1 

and six analogs (1, 6 , 10, 13, 14, and 15) requi red  only  a s ingle 

prepara t ive  H PLC step to obta in a hom ogeneous  product .  However ,  

the o th e r  n ine  a n a lo g s  (2 -5 ,  7 -9 ,  and 11-12)  r e q u i r e d  tw o  

s e q u e n t i a l  H P L C  ( C i s  r e v e r s e - p h a s e )  p u r i f i c a t i o n s  to ob ta in  

h o m o g e n e o u s  p ro d u c t .  T h e  ove ra l l  y i e ld s  o f  r e f o l d i n g  and  

pur if icat ion of  synthetic peptides were in the range of  15 - 35 %. 

H PLC profi les  of  all purified synthetic products  are shown in Figure 

2.7.

C f - 2 5 2  f i s io n  i o n i z a t i o n  s p e c t r o m e t r y  y i e l d s  p r e c i s e  

i n f o r m a t i o n  ab o u t  the in teg r i ty  of  s y n th e t ic  p r o d u c t s .  P eaks  

co rresponding  to (M + H )+ , (M +2H )2+ , (M +3H )^+ , or (M +4H )4 + , and 

(M  + 5 H ) 5+ were found for  all peptides. No peak cor responding  to 

( 2 M  + 3 H ) 3+ was  found  in any o f  the synthet ic  products .  Th is  

e x c l u d e d  the poss ib i l i ty  o f  d im m e r  fo rm a t io n  in the re fo lde d  

pep t id e s .  T ab le  2.2 .  g ive s  m ass  s p e c t ro m e t ry  d a t a  for  these  

s yn the t ic  pep t ides .



59
Figure 2.6. HPLC analysis  on a C l 8 reverse-phase co lum n o f  crude 

and purified FIX-EGF1 and its analogs. A. 1., B. 1., C. 1., and D. 1. are 

crude products  of F1X-EGF1, analog 6 , analog 5, and analog 15 after 

disulf ide refold ing,  respect ive ly .  A. 2., B. 2., C. 2., and D. 2 are 

purif ied products  of  FIX-EGF1,  analog 6 , analog 5, and analog 15, 

r e s p e c t i v e l y .
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F igure 2.7. H PL C  profi les  o f  all purif ied synthetic  products .  The 

analogs are labeled by numbers.  The  H PLC condit ion  are stated in 

the exper imenta l  sect ion above.
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Table 2.2. M olecular weight determ ination  o f  FIX -E G F1, 2 
an d  a n a lo g o u s  by C f-2 5 2  f i s s io n  io n i z a t io n  m a ss  
s p e c t r o m e t r y .

FIX-EGF1 (M+H)+ 4750.6 4749.9 +0.7
(M+2H)2+ 4749.8 4749.9 -0.1

FIX-EGF2 (M+H)+ 4963.0 4963.2 -0.2
(M+2H)2+ 4963.2 4963.2 0

Analog 1 (M+H)+ 5093.7 5092.7 + 1.1
(M+2H)2+ 5093.4 5092.7 +0.2

Analog 2 (M+H)+ 5115.8 5115.6 +0.2
(M+2H)2+ 5115.8 5115.6 +0.2

Analog 3 (M+H)+ 4971.0 4970.5 -0.5
(M+2H)2+ 4969.8 4970.5 -0.7
(M+3H)3+ 4968.9 4970.5 -1.6

Analog 4 (M+H)+ 4789.9 4792.2 -2.3
(M+2H)2+ 4791.6 4792.2 -0.6

Analog 5 (M+H)+ 4747.7 4747.0 +0.7
(M+2H)2+ 4747.2 4747.0 +0.2

Analog 6 (M+H)+ 5148.0 5148.6 -0.6
(M+2H)2+ 5148.4 5148.6 -0.2

Analog 7 (M+H)+ 5450.3 5451.9 -1.6
(M+2H)2+ 5450.0 5451.9 -1.9
(M+3H)3+ 5452.2 5451.9 +0.3

Analog 8 (M+H)+ 5419.6 5419.9 -0.3
(M+2H)2+ 5419.2 5419.9 -0.7
(M+3H)3+ 5420.1 5419.9 +0.2

Analog 9 (M+H)+ 5322.8 5322.1 +0.7
(M+2H)2+ 5321.2 5322.1 -0.9

Analog 10 (M+4H)4+ 5117.8 5117.9 -0.9
(M+5H)5+ 5118.3 5117.9 -0.4

Analog 11 (M+H)+ 5345.6 5346.9 -1.3
(M+2H)2+ 5344.6 5346.9 -2.3

Analog 12 (M+H)+ 5363.9 5365.0 -1.1
(M+2H)2+ 5364.4 5365.0 -0.6
(M+3H)3+ 5360.1 5365.0 -4.9

Analog 13 (M+3H)3+ 5068.5 5068.7 -0.2
(M+4H)4+ 5067.6 5068.7 -1.1
(M+Na+3H)4+ 5068.4 5068.7 -0.3

Analog 14 (M+4H)4+ 5388.8 5389.3 +0.5
(M+5H)5+ 5389.3 5389.3 0

Analog 15 (M+4H)4+ 5430.8 5432.0 -1.2
fM+5H^± 5431.3 5432.0 -0.7
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The  result s  from enzym at ic  d iges t ion  p rovided  ev idence  of  

correc t  disulf ide pairing for  some peptides. Some were not available 

due  to a fai led digest ion .  T he rm olys in  hydro lyzes  pep t ide  bonds  

between hydrophobic  amino acids.  The  reason in failure cases could 

be due  to the pep tides  with higher hydrophobici ty .  After  digest ion  

the f ragments  were  too  small  to be ana lyzed.  It was seen in the 

elut ion profile  o f  digested sample,  a big peak came out in first 1-3 

min.  Som e  sample  da ta  f rom successful  d iges t ion  were  l isted in 

Table 2.3.
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Table 2.3. D isulfide bond location o f synthetic  products by 
enzym atic  d igestion  m eth o d ^ ) .

1. Results of FIX-EGF1:
Fragment 11 Corresponding section

amino acid ratio
Cys 2.00

(2)Asx 1.75 Asp3-Gly-Asp-Gln-Cys2-Glu8
Scr 0.66 1

(2)GIx 1.29 Cys  ̂8-Scr-Gly (̂
Glv 1.66

Fragment 7 Corresponding section

Cys 2.00
(2)Asx 1.44 Cys29.pro30.phc31_G|y3 2
<2>GIx 2.19 1

Pro 0.55 Glu39-Cys38-Asn-Lys-Gly-Glu-3 4
Gly 1.67
Lys 1.23
Phc 0.94

2. Result of analog 2:

Fragment 19 Corresponding section

amino acid ratio
Cys 2.00

(2)Asx 1.60 Cys32.pro-phc-Gly3 5
<2>GIx 2.27 1

Pro 1.00 Cy s4 1 -Asn-Lys-Gly-Glu-3 2
Gly 1.70 1
Phc 0.82 Glu42
Lvs 1.00

Fragment 31 Corresponding section
Cys 2.00

(2)Asx 2.62 Asp-Gln-Cys2-Pro-Lcu
Ser 0.79 1

(2)Glx 2.11 Cys2 I - S c r - G 1 y
Gly18

Pro 0.95 1
Gly 1.92 Lys22-Asp-Asp24
Leu 1.00



3. Results of analog 3:
Fragment 9 Corresponding section
Amino acid ratio

Cys 2.00
Asp-^-Scr-Glu-Cys^-Pro-Lcu^(2)Asx 3.00

Scr 2.06 1
(2)G1x 1.85 Cys20-Scr-Gly-Gly * ^

Pro 1.13 1
Gly 1.81 Lys-Asp-Asp2 3
Leu 1.02
Lys 0.82
Cys 2.00

(2)Asx 1.46 Cys3 1 - Pro3 2 
1(2)GIx 1.85

Pro 0.98 Cys^^*-Asn-Lys-Gly-Glu 3 6
Gly 1.24 1
Lys_. 1.00 Gluii

4. Results of analog 6.

Amino acid ratio
Cys 2.00

(2)Asx 4.00 Gln-Cys^-Glu-Scr^-Asn-Pro* *
Scr 1.42 1

(2)Glx 2.20 Cys^-Scr-Gly-Gly-Asn-Lcu *
Pro 0.78 1
Gly 2.46 Lys^-Asp-Asp2 1
Leu 0.80
Lvs 1.03
Cys 2.00

(2)Glx 1.14 Cys29.pro-Phc-Gly3 2
Pro 0.82 1
Gly 0.96 Cys-38. Arg-Lys3 6
Phc 0.61 1
Lys 1.00 Glu39
Are 1.05

(1). The number of amino acid used here arc according to the amino acid position 
in the synthetic products.

(2)- Asx includes Asp and Asn; Glx includes Gin and Glu.
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B io log ica l  assays.  The putat ive EGF-like activities were tested. 

EGF-recep tor  binding competi t ive  act ivi ty of  the synthetic  pept ides 

were  com pared  and result s  were listed in table 4. Some ana logs  

cou ld  bind to  E G F  recep to r  at high concen t ra t ion .  No synthe tic  

analogous  showed more  than slight EGF-like  activity.  The results of  

inhibi tion of  125I-EGF binding (%) from each  group of  analogs are 

depic ted  in Figure 2.8.

T ab le  2.4. E G F -recep to r  b in d in g  c o m p etit iv e  a c tiv ity  o f  
synthetic  FIX-EGF1 and analogous.

Peptide R elative to h E G F ( % )

FIX-EGF1 N A N A

Analog 1 N A N A

Analog 2 N A N A

Analog 3 N A N A

Analog 4 N A N A

Analog 5 N A N A

Analog 6 N A N A

Analog 7 > lxlO-3 1 . 5 x 1 0 - 5

Analog 8 > lxlO'3 1 . 5 x 1 0 - 5

Analog 9 2x10'4 8.3xlO'4
Analog 10 3 x 10 " 4 2x1 O'4
Analog 11 1 . 5 x 1 0 - 3 IxlO’ 4
Analog 12 5 x 1 0 " 4 3.2x1 0 " 4

Analog 13 2.8xlO-5 5 . 5 x 1 0 - 3

Analog 14 2.7x10"6 5.6xlO'2
Analog 15 l x l O 6 1 . 7 x 1 0 - 1

hEGF 1.6s 10^ . 100

N.A: Activity not detectable at peptide concentration higher than lxl0"3 M.
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Figure 2.8. EGF-receptor binding inhibition assay results of FIX- 

EGF1 and its analog with A431 cell. Open circle represents FIX- 

EGF1, filled circle represents analog 1 (group 1), open triangle 

represents analog 5 (group 2), filled triangle represents analog 7 

(group 3), filled sequare represents analog 10 (group 3), open 

inverse triangle represents analog 13 (group 4), filled inverse 

triangle represents analog 15 (group 4), and open diamond 

represents EGF.
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2.3. D iscussion

S t r u c t u r e  a n d  E G F - l i k e  ac t iv i t y  corre la t ion .  The solut ion 

s truc tu re  o f  h E G F  and m E G F  have been d e te rm ined  recen t ly  by 

N M R  (84-90).  The struc ture of  EG F is highly r igid and com pact

s ince  the  p re s e n c e  of  th ree  d i su l f ide  bonds ,  and tw o  b-sheet

structures.  The A-loop  and C-loop  of  E G F  are close together on one 

side of  the molecule ,  and the B- loop and part of  NH-termina l  tail 

face on another  s ide of  the molecule.  The conserved am ino  acids in 

E G F  and its closely related molecules are located on the A-loop and 

C-loop side, which is considered as a receptor  contact  side.

The group 1 ch imer ic  analogs with EGF A loop rep lacement 

did not show any EGF-like activity. The group 2 analogs with EGF A 

and B loop rep lacement did not show any EGF-like  act ivity.  In the 

g roup  3 analogs  7 to 12 showed weak EGF-like act ivi ty  at high

pept ide concentra t ion .  In analog 11 and 12 both A and C loops 

were rep la ced  with E G F  sequences,  but no EGF-like  act ivi ty was

o b s e r v e d .

One possible  explanat ion for low EGF-like  act ivi ty could  be 

tha t  the te r t ia ry  s t ruc tu re  may be very  sens i t ive  to s equence  

r e p l a c e m e n t .  The  na t ive  c o n fo rm a t io n ,  w h ich  is r e q u i re d  for  

receptor  binding,  could  be disrupted in all analogs. Another  possible 

reason could be that the sequence changes  make it diff icult  for  the 

ch imer ic  analogs to refold properly,  pe rhaps  y ie ld ing products  with 

im proper  disulf ide pairing.  With the exception of  analogs 2, 3, and



6 , there is no direc t  evidence  on the locat ion o f  d isu lf ide bonds.  

How ever ,  the re la t ive ly  high yie lds observed  dur ing  re fo ld ing  of  

analogs  10, 13, 14, 15, suggests  that they are likely to be properly 

folded.  In addit ion,  two group 4 analogs (14,  and 15) , which did 

show some EGF-like act ivity,  have been examined  using ID  proton 

N M R .  The ID  N M R  spec tra  showed ind ica t ions  o f  a s tructured 

pept ide:  1. chem ica l  shif t di spers ion  in aromatic  proton region;  2 . 

dow nf ie ld - sh i f t ed  a lpha proton peaks;  3. reso lved  methyl  proton 

reg ion .  F igure  2.9.  shows  the ID  N M R  spec t ra  for  these two 

pep t ide s .

These  result s  sugges t  that EG F-l ike  ac t iv i ty  is a sens i t ive 

function of  amino  acid sequence.  A more  detai led explanation might 

be p rov ided  by N M R confo rm at iona l  analysi s  o f  these synthet ic  

ana logs.



Figure 2.9. ID  *H NMR spectra of  (A )  analog 14 and (B )  analog 15. 

The a r row  po inted region: 1. chem ica l  d i spe rs ion  for  a romatic  

p ro tons ;  2 . d o w n f ie ld - s h i f t e d  a lpha  p ro tons ;  and 3 . re so lv ed  

methyl  protons .
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Chapter Three

3. Solution  s tructure  determ ination  by NMR spectroscop y  

and refined by energy m in im ization  with restraints

T he  goal  of  this  N M R  s tudy is to de te rm ine  the solut ion 

structure of F IX-EGF1,  to locate the ca lc ium binding region in this 

m odu le ,  and to exam ine  s tructura l  d i f fe rences  be tween  EG F  and 

FIX-EGF1.  The solut ion structure o f  FIX-EGF1,  and the compar ison 

of  the solution structures of  FIX-EGF1 and EGF will be discussed in 

Section 3.3.

3.1. S eq u en ce -sp ec if ic  a ss ign m en t and second ary  structure  

d e t e r m i n a t i o n

In this  sec t ion ,  the com ple te  sequence  spec if ic  resonance  

ass ignment  o f  the *H NMR spectrum (at pH 4.2)  of  the C a2 + - f r e e  

FIX-EGF1,  and its secondary  structure will be reported.  The effect  

of  Ca2+ binding on the peptide conformation will be discussed.

3.1.1. M aterials and Methods

P e p t i d e  S a m p l e .  F I X - E G F 1  ( 4 5 - 8 7 )  w a s  s y n t h e s i z e d  

chemically  as described in the second chapter  of  this thesis.

I D  a n d  2 D - N M R  E x p e r i m e n t a l  C o n d i t i o n s :  Abou t  6 mg 

purif ied peptide was dissolved in 0.6 mL of buffer  containing 10 mM 

deu te ra ted  so d iu m  succ ina te  at pD  4.2.  The  pD  va lues  are the



7 3

uncorrec ted  PH meter  readings.  For all NMR exper iments  in D t O ,  

the sample  was lyophil ized and redissoved in 99.8% D2O (S tohle r  

Iso tope)  a few t imes.  The final N M R  sample  was  prepared  with 

99 .996%  D 2O (Stohler  Isotope).  For the NMR experiments in H2O ,  

the pept ide solut ion was  lyophil ized,  and red isso lved  in H 2O with 

10% D 2O as an internal  lock.  For de te rm ina t ion  of  the slowly 

exchanging amide protons,  a peptide solution in H 2O was  lyophil ized 

and red isso lved  in D2O, and a C O S Y  spec trum was im media te ly  

acqu i red .  All exper im en ts  were th e rm os ta t t ed  to 25 +_ 0 .2 ° C. A 

Varian  V X R -500S  spec tromete r  opera t ing  at 499 .84  MHz for  *H 

was used for all NMR experiments.  All 2D spectra were recorded in 

the p h a s e - s e n s i t i v e  a b s o rp t io n  m o d e  us ing  the h y p e r c o m p le x  

m e th o d  (91) .  T h e  c a r r i e r  f r e q u e n c y  w as  set  on the w a te r  

re s o n an ce  with  a sweep  wid th  of  7000  Hz in both d im ens ions ,  

e x c e p t  for  the t r ip le -q u an tu m  e x p e r i m e n t  w h ich  had a sw eep  

width of  10500 Hz in the t j  dimens ion.  The 2D da ta  were col lected 

as fol lows: 2048 complex points  in 300-350  complex FIDs in / / ,  

32-64 transients  for each FID with a recycle time of  1.3-1.9 s. In all 

the spectra,  lo w -pow er  con t inuous -w ave  irradiat ion was  applied  to 

the water  frequency in order to suppress the residual  water  signal.  

The  2D NMR experiments,  D Q F -C O S Y ,  (92-93),  T O C S Y  ( 9 4 - 9 5 ) ,  

N O E S Y  (96) and r e la yed -C O S Y  (97-98)  were  per fo rm ed  in 90% 

H 2O / 10% D 20 ;  triple quan tum CO S Y  (TQ -C O SY )  (99-100),  DQF- 

C O S Y ,  T O C S Y ,  NOESY and re layed-COSY were carried out in D2O 

accord ing  to s tandard  procedures  (68 ). The  N O E S Y  spectra  were  

acquired  with mixing times of  1, 40,  80, 120, and 200 ms, and the
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T O C SY  spectra were performed with a spin lock t ime o f  70 ms. The 

2D N M R  da ta  were  processed  at a Vax Stat ion 3100  or  SU N 4 

compute r  using the FTNMR or FELIX programs (Hare Research,  Inc.).

R eso n a n ce  A s s ig n m en t  S tra tegy:  Resonance  a s s ig n m e n t  was  

pe r fo rm ed  by us ing the s tandard  sequential  a s s ignm en t  p rocedure  

(6 8 ): eluc ida t ion  of  type-spec if ic  ass ignment was  accom pl i shed  by 

es tab l i sh ing  th roug h -b o n d  connec t iv i t ie s  am ong  p ro tons  with  the 

help of  phase-sensi t ive DQF-COSY,  TOCSY,  re layed-COSY and TQ- 

COSY.

The  f irs t  s tep in the a s s ignm en t  p rocedu re  is to identi fy  

resonances  be longing  to the same amino  acid res idue.  Because no 

coupl ing  between protons  can be observed  through a pept ide  bond,  

a m ino  acid res idues  can be identif ied as indiv idual  spin systems.  

The  informat ion can be obtained from a variety of  exper imen ts  that 

p robe  th roug h -b o n d  J - coup l ing  connec t iv i t ie s  be tw een  p ro tons  in 

the same spin system. The pattern o f  these connec tiv i t i e s  is then 

used to classify the spin system to a specific amino acid type, or to a 

c l a ss  o f  am in o  ac id  types.  A long  with J - co u p l in g  in fo rm at ion ,  

th rough space  N O E S Y  in format ion al lows identif icat ion o f  certain 

am ino  acid types. In the case of  aromatic am ino acid assignments,  

N O E S Y  data  were used to link the backbone and CP protons  in an 

ind iv idua l  sp in  sy s tem  to the ir  a romatic  p ro tons .  W h en  a sure  

identif icat ion o f  am ino  acid type, or a class of  amino  acid types,  has 

been made,  N O E SY  cross-peaks are used to connect  one  amino acid 

to next amino acid residue in an amino acid sequence.  The  majori ty
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of  the short  d is tances  between ne ighbor ing  res idues  are d is tances  

o f  an am ide  pro ton  with  its ne ighboring  am ide  pro ton ,  and C a 

pro ton  o r  CP p ro ton  with  its n e ig h b o r in g  a m id e  p ro ton .  The  

nota t ions  used often to indicate these dis tances  are the fo l lowings:  

d N N = d(NHj, NHi+0 ,  d o N  = d(C«Hj, NHi+1), d pN  = d(CPHj, NHi+1).

T h e  in fo rm a t ion  on am in o  acid type ,  a long  with nuc lea r  

O v e rh a u s e r  ef fec ts  (N O E s)  be tween ne ighbor ing  res idues ,  is then 

c om bined  with the known am ino  acid sequence  to give sequential  

r e s o n a n c e  a s s ig n m e n t .

S e c o n d a r y  s t ruc ture  d e te rm in a t io n .  The  ex tended  secondary  

s truc ture  of  an ant iparal le l  p - shee t  in the pep t ide is de te rm ined  

based on information from: (1) strong sequential  H a i - H N j  + j N O E s ,  

and c ro s s - s t r a n d  N O E s  be tw ee n  a lp h a -a lp h a ,  a m id e -a m id e ,  and 

a lpha -am ide  protons ;  (2 ) large vicinal  1 H - ! H  sp in-sp in  c o u p l in g  

cons tan ts  (3J H N a ) l  and (3) a pat tern of  s lowly exchanging  protons

( 6 8 ).

As a result  o f  an ex tended structure,  in trares idue  N O E s  are 

very w eak  or  undetec tab le .  The amide  pro tons  in the sheet  are 

e x c h a n g in g  s low ly  with  so lven t  due  to the fo rm a t io n  o f  the 

h y d ro g e n  bonds  with  the in te rs t rand  ca rbony l  oxygens .  Vic inal  

' H ^ H  spin-spin coupl ing  constants  have been applied to de termine  

d ihedral  angles  for  s tudying pept ide  conformation .  The most  useful 

one is the coup l ing  be tween  C a H and NH  protons  (3J H N a )  as 

de te rm ina t ion  o f  <)>. A secondary  structure of  the pept ide  backbone
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is determined from the short distances  of  dNN and d a N com bined  

with 3J H N a  coupling constants  (68 ). 3J H N a  coupl ing constants  were 

es t imated from co2 cross-sect ions of  H ^ - H ®  cross-peaks  with DQF- 

C O S Y  spectrum. Most  H ^ - H ®  cross-peaks  of  FIX-EGF1 have line 

width of  ca. 7.0 Hz at 25 °C, and the smallest  apparent  values of 

were ca. 4.5 Hz. Thus ,  only cross-peaks  with apparent  couplings  > 

8.0 Hz were used in the structure determinat ion.

3 .1 .2 . R esults

ID  NMR.  The ID  NMR spectrum of FIX-EGF1 is shown in Figure

3.1. The amide  proton region is from 7.6 to 10.4 ppm. The aromatic 

pro tons  are in the region of  6.8  - 7.5 ppm. The al iphatic proton 

reg ion ,  inc lud ing  a lpha  pro tons ,  m e th y len e  p ro tons  and  methyl  

protons,  is approximate ly  between 0.5 - 5.70 ppm.
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Figure 3.1. ID 'H NMR spectra o f F1X-EGF1 at different pH values. 

The spectra were collected on a Varian VXR-500S spectrometer. 

(A ) shows ID JH NMR spectrum at pH 4.7 in D2 O (25 °C) in which 

the slowly exchanging amide protons are observed in the region 

7.6 - 10.4 ppm. (B ) shows ID *H NMR spectrum at pH 4.2 in D2 O 

(25 °C). This spectrum was acquired after the full DQF-COSY  

experiment, in which most slowly exchanging amide protons have 

vanished.
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Sp in  sy s tem  a s s ig n m e n ts  a n d  iden t i f ica t ion  o f  am ino  ac id  

type.  There are several amino  acid types with unique spin systems 

in FIX-EGF1 (45-87 in human factor  IX): five Glu/Gln residues,  five 

Gly residues,  two Pro residues ,  one l ie  res idue,  two Leu residues ,  

one Thr  residue,  two Val residues ,  and two Lys residues .  It also 

conta ins  A MX spin sys tems (6 8 ) cons is t ing  of  six Cys  residues ,  

three Ser res idues ,  tw o  Phe  res idues ,  two T y r  res idues,  f ive Asp 

residues,  four Asn residues and one Trp residue.  The identif ication 

o f  am ino acid type was based on the data  from exper iments  o f  2D 

DQF COSY, TOCSY in H 20  and D 20 ,  TQ-COSY in D20 .  The DQF-COSY 

e x p e r im en t  gives connec t iv i t ie s  be tween  di rec t ly  coup led  p io tons  

separa ted  by tw o  or  three bonds.  For  exam ple ,  C a H j / C 3 H j , o r  

CPHj/CP'Hj will show a cross-peak in a DQF-COSY spectrum, but it will 

not  show c ro ss -p eak  for  N H j /C P H j .  Figure  3.2. shows  a phase 

sensi t ive con tour  plot  of  the al iphatic  proton region o f  the DQF- 

C O S Y  spec t rum .  The p ro ton-p ro ton  J - coup l ing  c o nnec t iv i t i e s  of  

A s p 21, Trp28, and A sn37 are indicated in this figure.
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Figure 3.2. A phase-sensi t ive contour p lo t  o f  the al iphatic  proton 

region of  the DQF-COSY spectrum (25 °C, pH 4.2). The a  - P proton,  

and P - p  pro ton  J -coup l ing  connec t iv i t ie s  o f  A s p 21 , T rp 2 8 , and 

A s n 37 are indicated.
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For  am ino  acids with  a la rger  spin sys tem than an A MX 

sys tem ,  techn iques  for  r e l a y in g  m a g n e t i z a t i o n  b e tw ee n  p ro tons  

that  are not d irec t ly  coup led  are ex t rem ely  useful .  The  relayed-  

C O S Y  exper imen t performs a single relay of magnetiza t ion  beyond 

the d irec t ly  coup led  protons .  F igure  3.3. shows a por t ion  o f  a 

c o n to u r  plot  o f  a r e la y ed -C O SY  spec t rum  in H 2O. Bes ides  the 

coupl ing between N H j-C a Hj, the connection between NHj-CPHj was 

also obtained .  It shows a single  relay couple  beyond the direc t  

proton-pro ton couple for the residues of  V al2 , A sp3 , Ser9 , A s n 14, 

He22, Phe33 and Val42 .

The  T O C S Y  exper im en t  can connec t  a lm os t  all s ide chain  

p ro tons  toge ther  in the same spin sys tem.  F igure  3.4.  shows  a 

con tour  plot o f  a T O C SY  spectrum in H 2O. Figure 3.5. shows a 

contour  plot portion of  the T O C S Y  spectrum in D 2O. In this figure, 

the side chain connec tions  with Ca H for Leu40, L y s 19, G lu26, Pro30, 

L e u 13, P r o 11, Val2 , G lu39, Val42 , G in6 , G lu 8, L ys36, A s n 14, and 

l i e 22 are indicated.

Dif f icu lty  ar ises when the r e so n an ces  ove r lap  in the spin 

system.  A powerful  method  to help solve this p rob lem  is to use 

m u l t ip l e  q u a n t u m  s p e c t ro s c o p y .  S om e  o v e r l a p p i n g  r e s o n a n c e s  

w ere  re so lv ed  by ac q u i s i t i o n  o f  a 2D  t r i p l e - q u a n t u m  C O S Y  

exper im en t .  This  exper im en t  selec ts  for th ree -quan tum  co herence  

d u r in g  the e v o lu t ion  t ime tha t  is then t r an s fe r red  to s i n g l e ­

quan tum  coherence  on the indiv idual  spins.  In a T Q -C O S Y  Figure
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Figure 3.3. A contour plot portion of the relayed-COSY spectrum in 

H 20  (25 °C, pH 4.2). The coupling between NHi-Ca Hi, and NHj-CPHj 

are observed in the region of the spectrum shown. A single relay 

couple beyond the direct proton-proton couple for the residues of  

V al2, Asp3, Ser9, Asn14, lie22, Phe33 and Val42 are depicted.
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Figure 3.4. A contour plot portion of the TOCSY spectrum in H2 O 

(25 °C, pH 4.2). The spin system connectivities for the following  

are shown: NH, C°H, CPH and two O H s of Val42; NH and two CPHs of 

Trp28; NH, C«H, and two CPHs of Cys22; NH, C«H, and CPH of Cysl8; 

NH, two CPHs, and two O H s of Lys19; NH and two CPHs o f  Leu40; 

NH, C°H, CPH and O H  of Val2, NH and two C“ Hs of GIy32; and NH, 

C°H, and two CPHs of Phe33.

V-42f2
V-2 O

,  o

(VJ

F -S 3

* fO Q. 
CL

O

i n

________________________________ o

10.0 8 . 0  <0
p p m



83

Figure 3.5. A contour plot portion o f the TOCSY spectrum (25 °C, 

pD 4.2) in D 2 O. The side chain connections with C“ H for a number 

of amino acids are indicated.
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spectrum,  the H 2O frequency is set at 0  Hz at tol and co2 both axes, 

and for a set of  a  and P protons in the same am ino acid, cross-peaks 

occur  at the th ree -quan tum  f requency ,  d a  -t- d p i  + dp2 .  T r i p l e ­

q u a n tu m  f requenc ies  are p lo t ted  a long col,  and s in g le - q u a n tu m  

f r e q u e n c i e s  are p lo t ted  a long  oo2. S in c e  the t r i p l e - q u a n t u m  

frequency at w 1 is the sum of  three s ing le -quan tum frequenc ies :  

d l  + d 2 + d3 = co 1, if the sing le -quantum frequency of  only two of  

three protons are shown, the third one can be ca lcu la ted  from the 

m e a s u r e d  t r i p l e - q u a n t u m  f re q u e n c y :  d l  = co 1 - (d2 + d3) .  For

example,  two CPUs of S e r17, and two CPHs of  Ser24 were very close 

in chemical  shift, as identified from a TQ-COSY spectrum. Figure 3.6. 

shows a port ion of  a con tour  plot o f  the T Q -C O S Y  spect rum. In 

f igure 3.6. the connec t iv i t ie s  of  the fo l lowing  spin sy s tem s  are 

shown: C a H and CPHs for Phe33, Cys27, Trp2&, A sn27, Ser9 , Ser24 

and S e r 17. The data  gotten from T Q -C O S Y  can also be used to 

conf irm ass ignments  made from D Q F -C O S Y  spectrum and T O C S Y  

spectrum. This is useful information to map the C “ H to its two CPHs,  

or  even a CPH to its two ne ighbor ing  O H s .  The  spin sy s tem s  

observed using TQ -CO SY  spectrum are listed on Table 3.1.
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Figure 3.6. A contour plot portion of the TQ-COSY spectrum (25 °C, 

pH 4.2). The connectivities between the C°H and CPHs in a number 

of amino acid spin systems are shown.
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Table 3. 1. Proton chem ical shifts  for FIX-EGF1 obtained  
from the aliphatic region o f  the TQ -CO SY (25 °C, pH 4.2) 
contou r  plot.

Amino acid C a H  
3 Asp 4 . 5 8
5 Asp 4 .7 1
6 Gin 4 . 0 6
7 Cys 4 . 3 7
8 Glu 3 . 9 7
9 Ser 4 . 3 4
10 Asn 4 . 4 7
12 Cys 4 . 3 8
13 Leu 4 . 2 8
14 Asn 3 . 8 7
17 Ser 4 .8 1
18 Cys  5 . 1 2
19 Lys 4 . 6 6
'20 Asp 4 . 6 8
21 Asp 4 . 9 7
22 lie
23 Asn 4 . 7 9
24 Ser 4 . 5 6
25 Tyr  5 . 3 9
26 Glu 4 . 6 9
27 Cys 5 . 5 9
28 Trp 4 . 8 3
29 Cys 5 . 1 3
30 Pro 4 . 4 7
31 Phe 4 . 2 2
33 Phe 5 . 5 2
34 Glu 4 . 8 0
36 Lys 3 . 9 6

37 Asn 5 . 6 9
38 Cys 4 . 0 5
39 Glu 4 .1  1
40  Leu 4 . 6 9
41 Asp__________ 4.66

CBH CB'H
2 . 8 2 2 . 7 4
2 .8 1 2 .8 6
1 .9 3 2 . 1 9
3 . 1 3 2 . 9 2
2 . 0 7 2 . 0 4
3 . 7 4 3 .81
2 . 9 0 2 . 8 7
2 . 4 2 2 . 7 5
1 .5 9 1 .3 8
1 .9 2 1 .23
3 . 9 3 3 . 8 9
3 . 0 5 3 . 0 2
1 .7 7 1 .7 0
2 . 9 2 2 . 7 0
2 . 8 9 2 . 5 5
2 .1 2 1.51
2 .9 1 2 . 8 3
3 . 8 5 3 .81
3 . 1 4 2 . 7 4
1 .9 9 2 . 0 4
2 . 9 8 2 .81
3 . 3 7 3 . 2 5
2 93 2 . 5 7
2 . 4 9 2 . 1 5
3 . 2 2 2 . 9 2
3 . 0 7 2 . 6 0
1 . 9 0 2 .1 2
1 .9 4 1 .7 6
1 . 9 4 1 .7 6

3 . 5 2 2 . 4 4
3 . 6 0 2 . 9 9
1 .9 5 2 . 1 5
1 . 4 9 1 .35
2.81 2.62

CvH and others

1 . 1 6

1 .4 2
1.42 1.66 2.73



The aromatic residues in the peptide were assigned by looking 

for  the connec t iv i t i e s  be tween  the a rom at ic  pro tons  to a romatic  

p ro to n s  f rom  the T O C S Y  e x p e r i m e n t ,  and the c o n n e c t iv i t i e s  

be tw ee n  the a rom a t ic  pro tons  to the ir  C P H s  f rom  a N O E S Y  

exper im en t  in D 2O. Figure 3.7. A .  shows the port ion of  a NOESY  

con tour  plot  with the r ing p ro ton-CPH  cross-peaks ;  Figure 3.7. B 

shows the T O C S Y  contour  plot in the r ing proton region.  These two 

spec tra were  well correlated  through r ing proton frequencies .  All 

f ive aromatic amino  acid spin systems: T y r 1, T y r25, T rp28, P he31 

and P h e 33 were  ident if ied .  T y r 1 was  as s igned  f rom these  five 

aromatic amino  acids by the absence of  an NH resonance.  From its 

charac te r i s t ic  T O C S Y  ring sys tem pattern,  T r p 2S was  id en t i f i ed .  

T h ese  u n a m b ig u o u s  a s s ignm e n ts  p rov ide  re l iab le  s ta r t ing  po in ts  

for  sequential  ass ignment.

There are four Asn and one Gin in the peptide.  T hey  were 

d i s t ingu ished  from other  am in o  ac ids by the obse rva t ion  o f  the 

s t r o n g  s ide  c h a i n  a m i d e / a m i d e  p ro to n  r e s o n a n c e s  and  the 

connec tion  of  amide  proton to their al iphatic  protons in the H2O 

N OE SY  spectrum. Figure 3.8. shows Asn37 NOE connections between 

CPH and side chain NHs.

The  tw o  lysine re s idues  were  a s s igned  by fo l l o w in g  the 

connectiv i t ies  along the side chain protons.  The  L y s 19 spin system 

was very well shown in H2O TO CS Y  spectrum except  for a missing
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C a H cross -peak ,  that  was  ass igned  from the H 2O D Q F - C O S Y  

spectrum.  The L ys -*6 spin system did not show complete

Figure 3.7. The  r ing proton ass ignments  by using both the NOESY  

and the TO CSY  spectra. A.  A portion of  the NOESY contour plot (25 

°C. pH 4 .2) with the ring p ro ton-C0H cross-peaks  marked;  B The 

T O C SY  contour  plot (25 °C, pD 4.2)  in the ring proton region.  The 

connectiv i t ies  between ring protons and C PH s  for all five aromatic 

amino acid residues in the peptide are depicted.
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Figure 3.8. Two sections of the H2 O NOESY contour plot (25 °C, pH 

4.2) showing the connectivities between y-NH and C$H for Asn37.
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connec tions  of  the side chain protons to its backbone amide  proton,  

but the connec tion of  C^H,  C&H, CYH and C P H  with  N CH were 

observed  in H2O T O C S Y  spectrum. The TO CSY  spectrum in D 2O 

prov ided  the co r re la t ion  to the C a H for the Lys36 res idue.  The 

am ine  pro tons  of  L y s 19 and L y s 56 were  seen in H 2O T O C S Y  

spect rum. The observat ion  o f  these protons suggests  that they may 

be invo lved  in fo rming  hydrogen  bonds ,  or  a l te rna te ly  that  the 

side chain was hidden inside of the molecule.

The spin sys tem s  o f  two Val,  two Leu and one l ie were 

identif ied through methyl  proton connections in the D Q F-C O SY  and 

the T O C S Y  spectra.  Val and Leu res idues  each  have two methyl  

groups  coupled to one proton (CPH in the Val spin system, CYH in 

the Leu spin sys tem)  while  l ie res idue  has one methyl  proton 

coupled  to two CYH protons and another  methyl group coupled to a 

C P H  proton.  Leu spin systems can be dist inguished from Val spin 

systems by the CYH cross-peaks in the TO CS Y  spect rum recorded in 

D 2O. The sequence of  two Val and two Leu residues were assigned 

by sequential  NOE connectivi t ies  later.

Five Gly residues were assigned differently. G l y 15, G l y 16 and 

G l y 32 showed a characteri s t ic  pat tern in the f ingerpr in t  region of  

the H 2O DQF-CO SY  spectrum. In addition,  G l y 15, G l y 16, G ly 32 and 

G l y 4 showed  character i s t ic  bu t te r f ly -shaped strong c ros s -peaks  in 

the T O C S Y  sp ec t ru m .  G l y 35 was  a s s igned  th ro u g h  sequen ti a l  

a s s i g n m e n t .
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The two Pro residues were sorted out by analysis  of  T O C S Y  

and D Q F -C O S Y  spectra in D 2O. They showed the fo l lowing c ro s s ­

peaks: C « H / C P H ,  C«H/CYH, and C « H / c 5 h  in the N O E SY  spectrum 

with  a fea ture  o f  lack ing amide  proton connec t ions  in the spin 

system. Figure 3.9 shows intraresidue N OESY connec tions  for P r o 1 1 

and P ro30 in A and B, respect ively.

S e q u e n t ia l  R e s o n a n c e  A s s ig n m e n t .  The sequential  resonance  

a s s ig n m e n t  focused  on the backbone  am ide  p ro tons .  It is very 

im por tan t  to locate the amide protons o f  all spin systems.  Figure 

3.10 shows the N H-Ca H "fingerprint" region of FIX-EGF1 in the H 2O 

D Q F -C O S Y .  O f  40 expec ted  cross -peaks ,  34 were found in this 

region.  Six miss ing c ross -peaks  were:  T rp 28, A sn23, G lu34, S e r 17, 

A s p 5 and G ly35. These cross-peaks were not observed as a result of  

over lap  with other  int raresidue cross-peaks  or as a result o f  r ad io ­

frequency  irradiat ion used for  suppression of  the w ate r  resonance .
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Figure 3.9. The NOESY (25 °C, pD 4.2, in D2 O) contour plot showing 

the intraresidue NOE connections for Pro11 and Pro30 in A and B ,  

resp ective ly .
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Figure 3.10. The contour plot of the "fingerprint" region of the H2O 

DQF-COSY (25 °C, pH 4.2), showing the amide/a-proton cross- 

peaks.
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The sequential  assignment  of  the peptide can start with NH<j)- 

NH(j+i)  and C a H(j)-NH(j+i)  connections in the H 2O N O E SY  spectrum 

to "walk"  dow n the pep t ide  backbone .  F igure  3.11 shows  the 

sequent ia l  connec t ion  paths of  L e u 13 to S e r 17 and Pro™ to G ly^ 2 

through  C a H ( i ) - N H ( i+ ] ) cross-peaks in the H 2O N O E S Y  spectrum. 

Figure 3.12 shows the sequential  connect ions  through N H ( j ) -N H ( j+1) 

cross-peaks for G ly4 to A sn10 in the H2O NOESY  spectrum.

At P r o 11 and Pro™, the loss of  N H ( i ) -N H ( i+ 1) connec tions  is 

inevitable,  but the connectivi t ies  between C^H of  proline and C a H of 

the previous residue were detected for  both prolines. This indicated 

that the prolines  were predominan tly  in the t r a n s  c o n f ig u ra t io n  

(68 ). No indication of  a cross-peak  of Pro C a H with the previous 

amino acid C a H for ei ther  prol ine was observed,  providing negative 

evidence  that both proline were not in a c i s  con f igu ra t ion .  Figure 

3.13. A shows t r a n s  and c i s  prol ine configurat ion;  f igure 3.13. B 

shows sequential connec tions  of  both prolines.
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Figure 3.11. A contour plot section of the NOESY spectrum in H2 O 

(25 °C, pH 4.2), showing the sequential connections for Leu13 to 

Ser17 and Pro30 to Gly32 paths through Ca H(j)-NH(i+i) cross-peaks.
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Figure 3.12. A contour plot section of the NOESY spectrum in H2 O 

(25 °C, pH 4.2), showing the sequential connections through NH(j>- 

NH(j+i) cross-peaks for Gly4 to Asn10.
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Figure  3.13.  Prolinc conf igura t ion  in the pept ide .  A shows t r a n s  

and cis  proline configurat ion (68 ); B shows sequential  connec t ions  

of both prolines. The NOE connectivi t ies  be tween C ^ H  o f  P r o 11 and 

C a H of A s n 10, and between C^H of  P ro30 and C a H of Cys29 shown 

indicate the t r a n s  proline configurat ions for  both residues.
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T h e  N O E  s e q u e n t i a l  c o n n e c t i o n s  o f  the p e p t id e  are 

summarized  in Figure 3.14. The proton chemica l  shifts are listed in 

Table 3.2.

F ig u re  3 .14 .  S u m m a r y  o f  the s e q u e n t i a l  c o n n e c t i v i t i e s  and  

antiparal lel  p-sheet  segments found for FIX-EGF1.  Disulf ide l inkages 

are in d ica te d  by s ing le  l ines,  and  s low ly  e x c h a n g in g  a m id e  

r e s o n a n c e s  are  d e p i c t e d  by an a s t e r i s k .  S e q u e n t i a l  N O E  

connec t iv i t ie s  are indica ted in three rows below the am ino  acid 

s e q u e n c e .  The  row la b e le d  d a  N i n d i c a t e s  the  o b s e r v e d  

connectiv i t ies  between an a proton and an amide  proton by a thick 

line (in the case  of  Pro, the obse rved  c onnec t iv i t i e s  are dad ,  

in s t e a d ) .  R e s id u e s  with  o b s e r v a b le  a m i d e / a  p ro ton  c o u p l in g  

co ns tan ts  grea ter  than 8 Hz are ind ica ted  by f i l led circ les .  The  

an t ipara l le l  p - shee t  reg ions  are shown by heavy checkered  l ines 

with thinner  l ines indicat ing the associated turns.

*  *  *  *  •  *  *  *  *

i j-------------1------------------- 1 |------------------- 1
Y V D G D Q C E S N P C L N G G S C K D D I M S Y E C W C P F G F E G K N C E L D V T

10 20 30 40

3 J H N a  • • • • #  • • • • • • •  • •  m i  • • • • • • •
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Table 3.2. lH  NMR chemical shifts of F1X-EGF1 (p H 4.2).

Amino acid chemical shifts (ppm)
Residues NH «H UH others
Y-l 4.25 3.10, 3.13 2.6H: 7.10; 3,5H: 6.85
V-2 8.41 4.14 2.01 YCH3: 0 .86 , 0.90
D-3 8.46 4.58 2.74, 2.82
G -l 8.38 3.89, 4.00
D-5 8.22 4.71 2.82, 2.86
0-6 8.81 4 .06 1.93, 2.19 yC H 2: 2.24, 2.40; 5 N H 2: 6.69, 7.49
C-7 8.49 4.37 2.89, 3.13
E -8 7.77 3.97 2.04, 2.07 ■yCH2: 2.42,2.42
S-9 7.64 4.34 3.74, 3.81
N-IO 7.98 4.47 2.87, 2.90 TN H 2: 6 .65 , 7.43
P 11 4.24 1.58, 1.69 ■)CH2: 0.64. 1.31; 6C H 2: 3.50
C -12 7.73 4.38 2.42, 2.75
L-13 8.51 4.28 1.38, 1.59 ■yCH2: 1.80; 8C H 3: 0.79, 0.89
N-14 8.58 3.87 1.23, 1.92 YNH2: 7.17, 7.22
Ci-IS 8.33 3.56, 4.06
G-16 7.73 3.69, 4.53
S-17 8.78 4.81 3.89, .3.93
C-18 8.94 5.12 3.05, 3.02
K-19 9.43 4.66 1.70. 1.77 ■yCH2: 1.28; 8C H 2: 1.5.3; 

■y€H2: 2.73; eN H 3: 7.37
D-20 8.81 4.68 2.70, 2.92
D-21 8.33 4 97 2.55, 2.89
1-22 8.74 3.74 2.12 7C H 2 : 1.16, 1.51; yC H 3 : 0.88
N-23 8.68 4.79 2.83, 2.91 7N H 2; 6 .93, 7.66
S-24 7.64 4.56 3.79, 3.85
Y-25 8.10 5.39 2.74, 3.14 2,6H: 6 .88; 3.5H: 6.84
E-26 9.05 4.69 1.99, 2.04 TCH 2: 2.24, 2.33
C-27 9.22 5.59 2.81, 1.98
W-28 9.54 4.83 3.25, 3.37 2H: 7.22; 4H: 7.62; 5H: 7.12; 

6H: 7.22; 7H: 7.48; NH: 10.07
C-29 8.54 5.13 2.57, 2.93
P-30 4.47 2.15, 2.49 lC H 2: 2.02, 2.21; 8C H 2: 3.26, .3.48
F-3I 8.35 4.22 2.92. 3.22 2,6H: 7.25; 3,5H: 7.35; 4H: 7.29
G-32 8.10 3.79, 2.89
F-33 7.77 5.52 2.60, 3.07 2,6H: 6.97; 3,5H: 7.17
E-.34 9.25 4 .80 1.90, 2.12 •yCH2: 2.08, 2.17
G-35 8.13 4.11, 3.79
K-36 9.33 3 .% 1.94, 1.76 HCH2: 1.42; 8C H 2: 1.65; 

eC H 2: 2.74, 2.80; eN H 3: 7.34
N-37 8.93 5.69 3.52, 2.44 ■yNH2: 6.91, 7.36
C-38 7.69 4.05 3.60, 2.99
E-39 10.38 4.11 1.95, 2.15 -yCH2: 2.25, 2.56
L 4 0 8.78 4.69 1.35, 1.49 •yCH2: 1.18; tC H 3: 0.88
EM I 8.63 4.66 2.62, 2.81
V-42 7.99 4.05 1.85 ■yCH3: 0.68, 0.53
T -4 3 7 .76 4 .1 0 v C H i: 1.07



S e c o n d a r y  S t r u c t u r e  d e t e r m i n a t i o n .  T h e  s e c o n d a r y  

s t r u c t u r e  d e t e r m i n a t i o n  fo r  th e  p e p t i d e  w a s  b a s e d  on 

nonsequential  and sequential  N O ESY  connectivi t ies .  No ev idence  for 

the presence of  a -h e l i c a l  s tructure was detec ted  as judged  by the 

absence of  C a H - N H j +3  N O ESY  peaks  (68). Extended P-structure is 

c h a r a c t e r i z e d  by the p r e s e n c e  o f  in t e r s t r a n d  d a a  and d a N

connec tiv i t ies .  The fo l lowing short  interst rand pro ton-pro ton  NOE 

cross -peaks  are expec ted  in an ant iparal lel  P-sheet :  d a a  =2.3 A, 

d a N  = 3.2 A, and dN N  = 3.3 A (68). Residues that were involved in 

the P-shee t  s tructure were poin ted  out by the presence  o f  n o n ­

sequential  d « a  N OE SY  connectivi t ies.  Figure 3. 15 shows a portion

of  the N O E SY  contour plot where the cross s trand c ross-peaks  for 

d a a  of  G l y 16/ C y s 29 , Phe33/ A s p 4 1 , Tyr25/ A s p 20 and C y s 18/ C y s 27 

are i l lustrated.  Other  ev idence for  the P-sheet  s tructure com e  from 

the p resence  of  s lowly  e x cha ng ing  am ide  pro tons ,  and 3J H N a  

coupl ing  cons tan ts  > 8 Hz for the residues in the P-sheet .  Most  of  

in ters trand  NOE 's  charac te r i s t ic  for  an an t iparal le l  p - s h e e t  were  

observed ,  and three out  o f  four  hydrogens  involved  in hydrogen 

bonding  exchange  slowly with the solvent  in the first sheet.  The 

rate  of  solven t  exchang ing  was not able to be de termined  for  the 

amide  proton of  S e r 17 in the first sheet,  and the amide  proton of  

G l u 34 in the second sheet because the alpha protons of  both amino 

acids are too close to the water  frequency.  Another  amide proton 

involved in hydrogen bonding is the one of  G ly32. The  cross-peak of  

N H - C a H for G ly32 and G ly35 are almost  overlapped,  therefore,  the 

measurem ent  of  the solvent  exchange  rate for  the amide proton of
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G I y ^ 2 is no t  u n a m b i g u o u s .  T h e  se q u e n t i a l  N H j - C a H i  + i 

connec tiv i t i es  of  the res idues  in the sheet  are much st ronger than 

the int ra N H j - C a H c o n n e c t iv i t i e s .  T w o  sec t ions  o f  p ro p o sed  

an t iparal ie l  P-sheet  s tructure are shown in Figure 3.16.  One sheet  

is be tween  res idues  16-20 and 25-29  (F igure 3 .16 A ) .  A n o th e r  

short sheet  between res idues  32-34  and 40-42 is shown in Figure 

3.16 B.  H eavy  a rrows  indica te  the s tronger  N O E S Y  cross -peaks .  

Light arrows mean weaker  NOESY  cross-peaks.  Dotted lines indicate 

p roposed  h y d ro g e n  bonds .  All e x p e c te d  shor t  in t e r s t rand  N OE 

peaks  for  typical  ant iparal lel  P -shee ts  were observed ,  excep t  the 

C a H ( C y s 29 ) / N H ( S e r 1 7 ) c ross -peak  in the first sheet ,  and the 

N H ( G l y 32) / N H ( V a l 4 2 ) cross-peak in the second sheet. Since the P- 

sheet is an ex tended conformation ,  it should have very short  d « N  

(i, i+ l) = 2.2 A, and an intra-residue C a H(i)-NH(i)  sp in-sp in  coupl ing  

constant  (3J H N a )  near 9 Hz (68 ).
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Figure 3.15. A portion of the NOESY (25 °C, pD 4.2) contour plot 

showing the cross-strand d a a  cross-peaks arising from the 

antiparallel f)-sheet structure.
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Figure 3.16.  Schematic diagram of  the antiparal lel  (3-sheets in FIX- 

EGF1. NOEs are indicated by thicker arrows and thinner arrows for 

s tronger and w eaker  NOEs,  respect ively.  Putat ive hydrogen bonds 

are d i s p la y e d  by dashed  l ines. S low ly  e x c h a n g in g  p ro tons  are 

en c i r c led .
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In the P-sheets  of  FIX-EGF1,  sequential da N s  were consis tent  with 

an ex tended  sheet  s tructure,  and 3J H N a ^  8 Hz was measured  for

most  residues .  Some coup l ing  constan ts  were  not de tected  due to 

wate r  re sonance  suppression .  Res idues  with coup l ing  cons tan ts  >

8.0 Hz are listed in Table 3.3. Each P-sheet  has an associated p - tu rn .  

A t ight turn was  observed  between am ino  acid res idues  21-24 in 

the first P-sheet .  This  turn does not contain  a glycine residue.  This 

indicates it is unlikely to be a type I', type II, or type II’ turn (71). 

The N OESY connectivi t ies  and 3J h N q  coupling constants  in the turn 

are not  cons is ten t  w ith  a type I turn e i ther .  The  c r i t e r ia  for  

classificat ion as a type I turn and the observed  exper imen t data for 

the turn in the first p-shee t  are listed in Table 3.4. Ano ther  p - t u r n  

assoc ia ted  with the second P-shee t  cons is ts  o f  f ive am ino  acid 

residues which  precluded classif icat ion as any standard class of  P- 

turn, as these character is t ica l ly contain four amino  acid residues.
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Table 3.3. 3J H N a  coupling constants (> 8.0 Hz) determined  
from the DQF-COSY spectrum in H2 O .

A m ino  acid 3JH N a(H z)

G ly 4 9.7
G in 6 8.5
C y s 7 8 .0
S e r 9 9 .4
A s n 1 0 8 .4
C y s 12 9 .4
L e u 13 9.1
G ly  I -*5 9 .9
G l y ' 6 9 .3
C y s ' 8 8.1
L y s ' 9 10 .2
A s p 20 8.2
A s p 2 ' 9 .8
T y r 25 9 .0
C y s 27 9.5
C y s 29 8 .4
P h e 3 1 9.5
G l y 32 9 .8
P h e 33 1 0 .0
L y s 36 8.7
A s n 3 7 9 .2
G l u 39 1 1 .4
L e u 40 9 .2
A s p 4 ' 9 .6
V a l42 8.5
T h r 43 8.2
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Table 3.4. The criteria for classification o f  type I turn (68) 
and the experim ent data o f  the turn in the first P - s h e e t
between am ino acid residues 21 to 24.______________________

type I turn FIX-EGF1

amino acid 1 2 3 4 2 1 2 2 2 3 2 4
position________________________________________________________

3J h n «  (Hz) 4 9 7 .2 *

d a N(i* i+3) w** w w Not observed

dNNO. >+2) w w Not observed

d„N(i, i+2) w w Not observed

d[MN m w w

d(xN w w w m s

*: C a H [231 is too close to the H2O frequency to get the coupl ing 
c o n s t a n t .
**: "w" means  weak NOESY  connection;  "m" means  medium strong 
N OESY connection; "s" means strong NOESY connection.
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C alc ium  Bind ing  Study.  The calcium binding for this peptide 

has  b een  r e p o r te d  (41 -4 2 ) .  T h e  pe p t id e  b in d s  c a l c iu m  ion 

signif icantly only at pH near 5 or  higher.  D Q F -C O SY  spectra at pD 

values of  4.2, 4.7 and 5.4 were compared.  The NMR spectrum at pD 

4.7 showed very similar  chemical  shift overal l ; The spectrum at pD 

5.4 showed a significant resonance shifts, especial ly for acidic amino 

acid:  Asp  and Glu res idues .  To  conf iden t ly  use the a s s ignm en t  

information at pD 4.2 as a calcium-free template,  while providing a 

p roper  condi t ion  for  ca lc ium binding,  pD 4.7 was  chosen  for the 

ca lc ium binding  study.

A DQF-COSY spectrum of  FIX-EGF1 was acquired in D2O at pD 

4.7.  A no the r  D Q F -C O S Y  exper iment was  acqui red after adding 20 

m M  C a C l2 into the peptide solution at pD 4.7. Resonance assignment 

of  the spec trum with C a2 + was  conf i rm ed  by us ing in form ation  

from TO CSY  and NOESY spectra in H2O.

By analysis of  the D2O DQF-COSY and H2O TOCSY spectra, it 

was shown that chemica l  shift o f  most  resonances  remained  nearly 

unch an g e d  af te r  add ing  ca lc ium.  This  ind ica ted  that the ca lc ium 

binding did not cause  a major  conformation change on the peptide.  

Only  11 out  o f  43 residues have al iphatic proton resonances  which 

are shif ted by more  than 0.03 ppm af te r  add ing  ca lc ium .  The 

sum m a ry  of  the ca lc ium  b ind ing  effec t  on resonance  c hange s  is 

shown in Figure 3.17,  and Table 3.5.
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Figure 3.17. Calcium effect on the proton chemical shifts in the 

DQF-COSY spectrum at pH 4.7. The bar graph shows the chemical 

shift changes for each amino acid after adding calcium (20 mM 

C a C l2 , pD 4.7, 25 °C). The filled bars show the magnitude of the 

maximum shift observed among the a  and f) proton resonances, 

while the open bars indicated the sum of the absolute values of  

the chemical shift changes for these resonances. It was not 

possible to determine the chemical shift change for either Pro11 or 

Pro30,and so the values for positions 11 and 30 are unknown.
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Table 3.5. C hem ical shifts  for residues with protons which  
ch an ge  reson an ce  p osit ion  by more than 0.02 ppm after  
addition o f  calcium (at pH 4.7).

Amino acid Chemical Shifts (ppm)
r e s i d u e s  otH pH yH o t h e r s

Y 1 -C a 4 . 2 6 3 .0 8 , 3 .1 6
+Ca 4 . 3 0 3 .0 9 , 3 .2 3

G 4 -C a 3 .9 4 , 4 .0 4
+Ca 3 .9 4 , 4 .1 1

D5 -C a 4 .7 1 2 .7 8 , .2 .8 2
+Ca 4 . 6 7 2 .6 8 , 2 .7 2

Q 6 -C a 4 . 0 6 1 .9 4 , 2 .1 9 2.2 2 , 2.41
+Ca 4 . 0 6 1 .9 3 . 2.01 -

K 1 9 -C a 4 . 6 7 1 .7 6 1 .2 7
+Ca 4 . 6 7 1 .7 0 , 1 .78 1 .2 8

D 2 0 -C a 4 . 6 8 2.6 8 , 2 .9 0
-fCa 4 . 6 7 2 .6 8 , 2 .7 2

D 21 -C a 4 . 9 8 2 .5 5 , 2 .8 7
+Ca 5 .0 3 2 .4 8 , 2 .9 3

S 2 4 -C a 4 . 5 5 3 .7 9 , 3.81
+Ca 4 . 5 2 3 .8 3 , 3 .9 0

Y 2 5 -C a 5 . 4 0 2 .7 4 , 3 .1 5
4C a 5 . 3 4 2 .7 2 , 3 .1 2

E 3 4 -C a 4 . 8 0 1 .9 0 , 2.12 _

+Ca 4 . 7 8 1 .9 2 , 1 .99 1 .8 4 , 2 .0 9

V 4 2 -C a 4 . 0 8 1 .8 7 0 .5 3 , 0 .6 9
-fCa 4 . 1 3 1 .9 3 0 .5 1 , 0 .6 9
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3.2. Solu tion  structure  determ ination  and refinem ent

To es tablish the solution structure for  a pept ide,  2D N OESY 

spectra  are requi red .  The  nuclear  O v erhause r  e ffec t  (N O E )  gives 

rise to a change  in the integrated NMR absorp tion  intens i ty  o f  a 

nuc lear  spin when the N M R absorption of  another  spin is saturated 

(6 8 ). This  change  is due  to nonequ i l ib r ium  m a g n e t iz a t io n  of  a 

n u c l e u s  b e i n g  t r a n s f e r r e d  t h r o u g h  d i p o l e - d i p o l e  r e l a x a t i o n  

through space to neighbor ing nuclei.  The 2D NOESY  technique has 

been ex tens ively  applied to m acromolecu la r  s tructure since it gives 

one information about the relat ive dispos i t ions  of  protons in space.

The structural constraints can be obtained by: 1. using NOESY 

to  e s t i m a t e  the  p r o t o n - p r o t o n  d i s t a n c e s  t h r o u g h  sp a c e ;  2 . 

d e t e rm in in g  the d ihedra l  angels  from the coup l ing  cons tan ts ;  3. 

locat ing  possib le hydrogen  bonds  from the rate o f  am ide  proton 

e x c h a n g e  in D 2 O. Those  cons tr a in ts  can be used  to de te rm ine  

solut ion structure o f  a molecule.

In this sect ion,  results  o f  proton-pro ton d is tance  ca lcu la t ions  

f rom N O E s  in D 2 O and H2 O at d i f fe ren t  m ix ing  t imes ,  and 

a s s ig n m e n t s  o f  those N O E  c ross -peaks ,  will  be p re s e n te d .  In 

addi t ion ,  the s tereospecif ic  ass ignment of  the side chain protons,  

and locat ion of  hydrogen bonds will be reported.

3.2.1. M aterials and M ethods
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Peptide sample  a nd  N M R  experimenta l  conditions.  The  peptide 

sam p le  and N M R  e x p e r im e n ta l  c o n d i t i o n s  w ere  the sam e  as 

descr ibed  in sect ion 3.1. except  for the fol lowing:  The  2D N M R 

spectra were  collected in the fol lowing form: 2048 complex  points 

were  acqui red  in t2 , 330  and 350 com plex  FIDs in t] for H2 O 

N O E SY  exper iment and D2O N O E S Y  exper imen t ,  respectively.  The 

mixing  t ime for  both H 2 O and D 2 O exper iments  were  1, 40,  80, 

120, and 200 ms. 2D -N M R  data were transfer red  to IBM RS6000  

com puter ,  where spec trum process ing was  carr ied  out  using Felix

2.0 (Hare Research,  Inc.).

P r o to n -p r o to n  d i s tance  c a l c u l a t i o n : Since the NOE buildup

rate depends  on r  6 ( 101), where r is the distance  be tween a pair 

o f  protons,  for pair a  and pair b protons at dis tance r a and rb  in a 

r igid structure,  one would  have:

S a / Sb = ( r b / r a ) 6

( s a and S b  r e p r e s e n t  the N O E  in tens i t ies  of  peak a and b .  r a 

represents  the d is tance  of  separa t ion be tween  the pa ir  of  protons  

giving rise to peak a .  Similarly,  rb  is the distance be tween protons 

giving rise to peak b . )  This  equation offers a path for  determination 

o f  the d istance rat ios between different  pairs  of  spins. It is useful 

for  an e m p i r ica l  c a l ib ra t io n  of  the c o r r e l a t i o n  be tw ee n  N O E  

in tens i t ies  and th rough -space  d i s ta nces  (6 8 , 102). N O E

intensi t ies  were de termined  by integrat ion of  each  peak with Felix 

program. The initial buildup rate of  N O E ’s is t ime dependent ,  and
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rela ted  to the inverse  sixth pow er  of  the d is tance  be tween  the 

o b s e r v e d  and  the p r e s a tu r a t e d  p r o t o n s  (1 0 2 ) .  P r o to n - p r o t o n  

dis tances  were quanti f ied by the fol lowing steps: 1 . integrat ing the 

peak intens i ty  at d if ferent  N O E S Y  mix ing  t imes;  2.  plo t t ing the 

in tegra ted  in tens i t ies  versus  mix ing  t imes  to  f ind out  the ini tial 

buildup rate - its s lope at t ime = 0; 3 .  ca lcu la t ing  the dis tance by 

using the G l y a H - a H '  proton distance as a s tandard (known G lya H- 

a H '  = 1.75A (68 )), then applying the formula:

xA / G ly  A = (Gly  s lope  / x s lo p e )1

to get the distances. The two sets of  NOESY spectra in H2O and D2O 

serve for  de termina tion  of  peptide backbone conformation  and side 

chain posit ion in space,  respectively.

N O E S Y  c r o s s - p e a k  a s s i g n m e n t : N O E S Y  c r o s s - p e a k  

a s s ignm en ts  were  based on prev ious  sequence  specif ic  ass ignment 

i n f o r m a t i o n .

H ydrogen  bond  location:  Hydrogen bonds  were located based 

on the information from slowly exchanging  protons.

S te r e o s p e c i f i c  a s s i g n m e n t  o f  p - m e t h y l e n e  p r o t o n s : The 

d ia s t e reo top ic  (3-methylene pro tons  of  am ino  acid side chains  can 

be dist inguished by combined  measurements  of  3J ( H a -H P)  coupling 

constants  and N H j-C PH j  nuclear  O verhauser  ef fect s (103-105).  NHj- 

C P H j  nuc lear  O verhause r  ef fec ts  were  es t im ated  from cross-peak  

intensit ies  in a N O E S Y  spectrum recorded with 80 ms mixing time.



1 I 5

3 J ( H « - h P 2 ) and 3 j ( H « - H P 3 )  vic inal  c oup l ing  co n s tan t s  were 

measured from the H P 2/ H a , and hP3/H<* cross-peaks  of  PE-CO SY  

( p r i m i t i v e  e l e g a n t  c o r r e l a t i o n  s p e c t r o s c o p y )  s p e c t r u m ,  

r e s p e c t iv e ly  (106).

Reexam inat ion  o f  N O E S Y  data.  NOESY  data  were reexamined 

after  genera t ing  some high energy  start ing struc tures  by d is tance 

g eo m e t ry  ca lcu la t ion .  On ly  c ro s s -peaks  with un ique a s s ignm e n ts  

were included,  and a part icularly crit ical exam inat ion was made for 

d i s tance  co n s t r a in t s  a s s ig n m e n ts  repea ted ly  caus ing  h igh energy  

v io la t ions.

S t r u c t u r e  g e n e r a t i o n .  T h e  s o lu t i o n  s t r u c t u r e s  w e re  

genera ted  in the fol lowing way: first, all constraints  were converted 

into coordina tes  - em bedding  to form an input  file; then,  D SP A C E 

p rogram  was  app l ied to genera te  a num ber  o f  s truc tures  within 

the cons t ra in t  limits;  du r ing  the D S P A C E  ca lcu la t ion ,  s tructures  

were  annealed (heated up),  very slowly cooled down,  then,  energy  

minimization was applied.  The output file listed the penalty for each 

s t ruc tu re .  The  s t ruc tu res  with pena l ty  n u m b e rs  sm a l le r  than 2 

were  cons ide red  as cand ida te s  for fu r ther  energy  r e f inem en t  by 

using the program AMBER.

3 .2 .2 . R esults

P eak  vo lume de termina t ion .  N O E S Y  data  p roces s ing  needs 

ex t re m e  cau t ion  since  the in tegra t ion  for  those  peaks  are very 

s en s i t iv e  to the base l ine  of  a s pec t rum .  This  is pa r t i cu la r ly



im p o r tan t  because  the results  o f  in teg ra t ion  d i rec t ly  a f fec t  the 

ca lcu la t ion  o f  the initial buildup  rate; and the initial bu ildup  rate 

was used to es t imate the proton-proton d istances .  Dur ing the data 

p r o c e s s i n g ,  s e v e ra l  d i f f e r e n t  p h a s e  c o r r e c t i o n s  w e re  t r i ed .  

Rephasing  portions of  H2O NOESY  matrices was also used to reduce 

noise.  The  con tour  plot  o f  a por t ion of  N O E S Y  spec tra at five 

d i f f e r e n t  m ix in g  t ime is shown in F igu re  3 .18 .  The  s im i la r  

in tens i t ies  o f  geminal  pai r  proton c ros s -peaks  were  obse rved  in 

NOESY spectra at mixing time of  200 ms and 120 ms which could be 

due  to the sa turat ion o f  magne tizat ion  transfer  at 200  ms  mixing 

time.  Figure 3.18 shows a portion of  con tour  plot of  D2O N O E S Y  

spectrum at five dif ferent  mixing t imes. An exam ple  o f  the c r o s s ­

peak volume plot ted versus mixing t ime for  A sn37pH-(JH is shown

in Figure 3.19.



Figure 3.18. A portion o f the contour plot o f  NOESY spectra at 

various mixing times: 1 ms, 40 ms, 80 ms, 120 ms and 200 ms 

shown in A, B, C, D and E, respectively. The peaks pointed by 

arrows are geminal pair proton cross-peaks.
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Figure 3.19. Plot  o f  cross-peak volume versus mixing time for  the 

A s n 37pH -p H  cross-peak in the D 2O NOESY spectra.
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P e a k  v o l u m e  m e a s u r e m e n t . Each peak vo lum e has been 

m e asu re d  at  5 d i f fe ren t  m ix ing  t imes.  The  da ta  shee ts  for  the 

in t e g ra t i o n  resu l t s  w e re  g iven  w i th  c r o s s - p e a k  loca t ion .  The  

example  of  some geminal  pair  proton cross-peaks  in water  NOESY  

are shown in Table 3.6.

T ab le  3 .6 . Som e gem in a l pair  cross-P eak  vo lu m es from  
NOESY spectra in water.

C ro s s -P e a k

( p o i n t ) 200 m s

In te g ra t io n  

120 m s

V o lu m e *  at 

80  m s

d if f e r e n t  m ix in g  

4 0  m s

tim e  

1 m s

1 1 3 3 / 1 2 0  1 .7 3 8 E 8 .5 8 0 E 8 .3 9 8 E 8 .2 0 0 E 8 -.68  1 E 8

1 1 7 4 / 1 3 0 5 6 9 5 E 8 .6 0 4 E 8 .4 7 4 E 8 .2 3 3 E 8 - . 5 6 9 E 8

1 1 9 7 / 1 2 9 2 .4 8 5 E 8 .5 2 5 E 8 4 6 6 E 8 .2 6 7 E 8 -. 2 6 4 E 8

1 2 0 2 / 1  1 3 3 .9 5 0 E 8 .9 2 4 E 8 6 6 3 E 8 5 5 6 E 8 .2 4 8 E 8

1 2 1 2 / 1 3 6 8 .5 4 2 E 8 .4 8 8 E 8 .4 5 3 E 8 .2 8 0 E 8 -. 2 1 0  E 8

1 2 9  1 / I  1 9 7 .5 9 8 E 8 .6 6 2 E 8 .5 9 4 E 8 .4 4 0 E 8 .2 0 0 E 8

1 3 0 4 / 1 1 7 4 .9 8 9 E 8 9.30E8 .7 1 6 E 8 .5 8 4 E 8 .3 4 6 E 8

1 3 6 7 / 1 2 1 2 .6 5 0 E 8 .5 7 1 E 8 .5 4 4 E 8 .3 6 1 E8 .4 0 3  E 7

*: Peak volumes  are in arbitrary units.
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Estimat ion  o f  the ini t ial  N O E  buildup rate.  To es t imate  the 

ini t ial  N O E  bu ildup  rate ,  the in tegra t ion  vo lum es  were  plo t ted  

versus mixing  t imes; then the plots were  fitted into an exponential  

decay  formula:

a + b * (1 - exp. (- c * x ))

Here a  is the y intercept; b  is the full range of  volume; c a variable

indicat ing degree of curvature.  The limiting slope at a mixing time of 

0.0 is given by mult iplying  b by c. Glycine res idues in the peptide 

were cons idered as a best standard for distance  cal ibrat ion,  s ince it 

has a pair o f  alpha protons with known distance: 1.75A (68 ). Using 

the l imit ing slope at mixing time = 0 .0 , the unknown distances were 

calculated.  Table 3.7 shows the results of  some germinal  pair  proton 

initial rate s lopes. The weaker  NOEs usually did not integrate well

because of  the background noise. Thus,  weaker  NOEs were assigned

in the d i s ta n ce  range  f rom 4 to 5 A ( the m a x im u m  proton 

separa t ion  that an NOE can be observed  for  is 5 A ( 6 8 )). All 

cons traint s  der ived from N OE SY  in H 2 O  and in D 2 O are at tached 

with cross-peak  ass ignments  in Appendix 1.
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Table 3.7. Some geminal pair distance calculation data from  
NOESY spectra in water.

Amino acid Peak position (p.t) Slope* A

G l y , 5«H/aH 1 1 3 3 / 1  2 0 1  
1 2 0 2 / 1 1 3 3

3 . 1 3 E 6
9 . 4 4 E 5 1. 77

G ly 32aH/aH 1 1 7 4 / 1 3 0 5  
1 3 0 4 / 1 1 7 4

3 . 1 5 E 6
7 . 6 3 E 5 1. 71

C y s 38pn/pH 1 1 9 7 / 1 2 9 2  
1 2 9 1 / 1 1 9 7

2 . 5 0 E 6
1 .1 2 E 6 1 .7 8

A s n 37pH/pH 12 1 2 / 1 3 6 8
13 6 7 / 1 2 1 2

2 . 0 9 E 6  
1 .2 2 E 6 1 . 7 6

*: The slopes were calculated (see text) from the plot of  NOE peak 
volume versus NOESY mixing times.

Stereospec if ic  ass ignments  o f  CPH 2 methy lene  pro tons:  Of the 

43 am in o  acid  res idues  in F IX -E G F 1 ,  34 have  CP m e t h y l e n e  

protons.  O f  these 34 side chains,  10 have almost  degenera te  C P H 2 

chem ica l  shifts (A5 < 0.1 ppm),  which include T y r 1, A sp 5 , G lu8 , 

S e r 9 , A s n 10 , S e r 17 , C y s 18, A s n 2 3 , S e r2 4 , and G lu 2 6 . T h e i r  

de g e n e ra te d  m e th y len e  p ro ton  re sonances  w ere  co n f i rm e d  by a 

TQ -C O S Y  exper iment (see Table 3.1.).  O f  remain ing  22 non-proline 

res idues ,  9 w el l - re so lved  H-H cross -peaks  were  ob ta ined .  About 

90% of the buried side chains in globular  proteins adopt  one of  the 

three staggered conformations  with x 1 = +60°, 180°, or -60° (107).
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S u r f a c e  s ide c h a in s  o f  F IX -E G F 1  m ay  have  m u l t ip l e  

conformations  that interconvert quickly on the NMR time scale. It is 

impor tant  to avoid applying an averaged  coupl ing cons tant  derived 

f rom mul t ip le  s ide-chain  c on fo rm a t ions  to this kind of  analysis .  

Thus ,  w hen  us ing  3J ( H a - H P )  v ic ina l  c o u p l in g  c o n s t a n t s  as 

c o n fo rm a t io n a l  cons t ra in t s ,  both 3 J ( H a - H P )  c o up l ing  cons tan ts  

( 3J ( H a - H P 2 ) and 3 j ( H a - H P 3)) have to be consistent  with one of  the 

staggered ro tamer  states for c l  (105).  After  get t ing both coupl ing 

co n s tan t s ,  the in t ra re s idue  N O E s  were  used to ass ign  C P H 2 

m e t h y l e n e  p r o t o n s  a n d  to i de n t i f y  a s t a g g e r e d  r o t a m e r  

con fo rm a t ion .  Ha  and HP atoms of  a s tandard staggered x l  ro tamer  

of  an amino acid has ei ther a g a u c h e  or t r a n s  con fo rm a t ion ,  with 

3J ( H a - HP )  vicinal coupling cons tants  of  3 ± 2 Hz and 12 ± 2 Hz, 

respec t ive ly  (70). Three side chain methylene protons within this 

range were  identif ied and ste reospec if ica l ly  assigned.  The cri ter ia  

for  s te reospecif ic i ty ass ignment  and x l  determination  are listed in 

Table 3.8. The data are summarized  in Table 3.9. A portion of  the 

PE-COSY contour plot is il lustrated in Figure 3.20.



Figure 3 .20. A portion o f the PE-COSY contour plot. The measured 

coupling constants are indicated. (A ) Ha -H P 2 PE-COSY cross-peak  

of Tyr25 manifesting 3J(H<*-HP2). (B) H «-H P3 PE-COSY cross-peak o f 

T yr25 manifesting 3J(H a -H P3).



Table 3.8. The criteria  o f  the stereospecific  assignm ent and  

x l  determ ination , (redrawn from reference  94.)

c o n f o r m a t i o n
c l

g2g 3

60°

g2t3

180°

«2g 3

-60°

R H*2

NH CD NH CD

3J a p 2(Hz)

3J « p 3(Hz)

NOE (NH. p2)

NOE (NH, p3) s t r o n g - m e d i u m  strong

2.6-5.1

2.6-5.1 

weak

2.6-5.1 

11.8-14.0 

s t r o n g - m e d i u m

11.8-14.0 

2.6-5.1 

strong 

weak



Table 3.9. Stereospeciflc C P H 2  assignm ents o f  FIX-EGF1

assignment 
Amino acid

Chemical shift (ppm)

« N  h «  h P (Hz)

NOE

(Hn -h P )

Stereo.

Xl of h P

Cys-7 8.49 4.37 2.89 3.97 500 (A)
3.13 10.94 800

C y s - 1 2 7 . 7 3 4 . 3*1 2 . 4 2 1 1 . 3 0 5 5 0 (A)

2.75 5.13 1000
Leu-13 8.51 4.28 1.38 10.25 500 (A)

1.59 3.45 1000
Asn-14 8.58 3.87 1.23 11.96 250 -60°±30° P2

1.92 5.06 50 P3
Tyr-25 8.10 5.39 2.74 3.91 4(H) 60°±30° P3

3.14 4.38 1(H) p2
Cys-27 9.22 5.59 2.81 10.80 4(H) (A)

2.98 3.11 9(H)
Cys-29 8.54 5.13 2.57 5.02 1000 (A)

2.93 12.66 5(X)
Cys-38 7.69 4.05 2.99 11.92 50 180p±3()p P2

3.60 4.79 25

CO
.

Leu-40 8.78 4.69 1.35 10.75 3(X) (A)
1.49 5.36 950

(A) The data are not consistent with any standard rotamer states.
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Some residue side chains with well resolved Ha  and HP c r o s s ­

peaks  can not be stereospec if ica l ly  assigned due to ei ther  coupl ing 

co n s ta n t s  or in t ra re s idue  N O E s  tha t  are in c o n s i s t en t  with  any 

s ing le  s tag g e re d  r o ta m e r  state (104) .  Th is  m ay  ar ise  f ro m  a 

n o n s t a g g e r e d  c o n f o r m a t io n  or  f rom  rap id  a v e r a g i n g  o f  tw o  

s taggered  ro tam ers  (105) .

E x p e r i m e n t a l  C o n f o r m a t i o n a l  C o n s t r a in t s :  There are five 

exper imenta l  conformationa l  cons tra in ts  used in the i nput  for the 

s truc tu ra l  de te rm ina t ion .  They  are as fo l lows:  (1) N O E -d e r iv ed  

upper  and lower bound 1 H - ' H  d istance constrain ts;  (2)  cons traint s  

on ranges  o f  backbone  dihedral  angles <)> from vicinal 3 j ( H N - H a ) 

coupl ing  cons tants;  (3) cons tra in ts  on ranges of  s ide-chain dihedral  

angles x l  determined by PE-COSY and N OESY data; (4) constraints  

f rom  in te r s t rand  H -bonds  in the P - she e t ;  and  (5)  c o n s t r a in t s  

de rived  from disulf ide bonds.

The  N OE-der ived  upper and lower bound d istance cons traints  

w ere  o b ta in e d  as d e s c r ib e d  in Mate ri a l  and M e th o d s  sec t ion .  

Backbone  vicinal coupl ing  constants  3 j ( H N- H a ) were est imated from 

w2 cross-sect ion of  H N- H a  cross-peaks of  a D QF-COSY contour  plot 

as descr ibed  in Sec tion  3.1. The res idues  with the co r respond ing  

dihedra l  angle 0 restr icted to the range (-160 0 < <J> > - 80°) (68 ) are 

listed in Table 3.3. The  cons traints  on the ranges of  the side-chain 

dihedral  angles x l  are listed in Table 3.10. The x l  angle for Val, lie 

and  Thr corresponding to the 3J a p ^  8.0 Hz were at tributed a range
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of ± 30 0 about the t r a n s  position of  a H  relative to PH (68 ). It was 

not possible to determine the coupl ing cons tant  for  res idues  V a l2, 

l i e 22 , and Thr43 in the PE -C O S Y  spec trum, so the a / P  c o u p l in g  

cons tan ts  were m easured  in the D Q F -C O S Y  spec t rum afte r  zero 

filling to 16384 points. The results are: Val2, 9.7 Hz; l ie22, 10.4 Hz; 

and T h r43 , 11.5 Hz. Thus ,  the a H s  of  these three  am in o  acid 

residues are t r a n s  relative to their pH  s.

In ters trand hydrogen  bonds  in the P - she e t  s t ru c tu re s  were 

located by both the rate o f  the am ide  pro ton exchange  and the 

cross-strand NOEs.  The slowly exchanging amide  protons for L y s 19, 

G l u 26 and Trp28 were obse rved ,  and a n um be r  of  c ross - s t rand  

N O E s  w ith in  the two b-shee t  reg ions  were  de tec ted .  T h u s  the 

fo l low ing  h y d ro g en -b o n d ed  pa irs  were  iden ti f i ed  on thi s basis:

T r p 28H N.......S e r  , 70 ' ;  L y s 19H N G l u 260 ' ;  G lu 26H N L y s > 90 ' ;

V a l 42H N.......G l y 320 ' ;  Leu40H N G l u 340 ' .  The h y d rogen -bonded

pai rs  fo r  S e r , 7 H N — T r p 2 8 0 ' ;  G I u 3 4 H N  L e u 4 0 O';  and

G I y 32H N...... V a l 420 ’ were located based on the interstrand NOEs,

since it was  not possible to obtain the solvent  exchanging  rate due

to wate r  f requency  in ter ference  or  ove r lapp ing  with o ther  c r o s s ­

peak .  The  d i su l f ide  bonds  cons t ra in t s  are f ixed  by S -S  bond

d i s t a n c e .

Total ly ,  there were 535 confo rm at iona l  cons t ra in ts  used for 

the ca lcu la t ions  o f  the final s tructures  to represen t  the solut ion 

con fo rm a t ion  of  F IX-E GF1.  T hose  cons tra in ts  inc lude  484  NOE-

derived d is tance cons traints ,  29 dihedral  angle  constraints ,  and 22
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upper  and lower bound dis tance  cons tr a in ts  associated  with eight  

hydrogen  bonds and the three d isu lf ide  bonds  (Table  3.10). The 

dist r ibut ion of  the distance constraints  in the pept ide  is plot ted in 

Figure  3.21.

F igure  3.21.  The d is tr ibu tion  o f  the d i s tance  cons t ra in ts  in the 

peptide.  The  empty  bars indicate the observed the number  of  short 

range (i - j < 4)  NOEs,  while the solid bars indicate the observed the 

number o f  long range (i - j  > 5) NOEs for each amino acid residues.

30 t -------------------------------------------------------------------------------------------------------------------

CO

Amino acid residue num ber
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Table 3.10. N um bers o f  experim ental d istance  constra in ts  
used in determ ining the solution structure o f  FIX-EGF1.

NOE-derived upper bound dihedral angle

constraints constraints H-bond S-S bond

intrarcsiduc sequential longer range backbone side chain constraints constraints

214 151 119 26 3 16 6

D eterm in a t io n  o f  the so lu t ion  structure:  The  D S P A C E  and 

A M B E R  ca lcu la t ions  were car r ied  out  by Jack  Ska l icky  at The 

U n iv e r s i t y  o f  C o lo ra d o .  T he  in t e rp re ta t io n  o f  the d a t a  was  

per formed  in this laboratory.  From the d is tance  geometry  program 

D S P A C E ,  7 5  s tructures  were genera ted.  A m ong  those s tructures,  

34 structures with D S P A C E  penalty number  < 2.0 were chosen  for 

fu r the r  ene rgy  r e f in e m en t  ca lcu la t ion  by the p ro g ram  A M B E R .  

A M B E R  uses exp e r im en ta l  cons t ra in t s  on the upper  and  lower  

va lues  of  in teratomic  dis tances ,  and o f  tors ion angles  to genera te  

m o l e c u l a r  s t r u c t u re s ,  a s s u m in g  s t a n d a rd  bond  l e n g th s ,  bond  

angles,  and van der  Waa ls  radii .  Since d istance cons tra in ts  do not 

define the chiral ity of  the structure,  mir ror  images  ( local or  global)  

of  correct  s tructure can occur. A mong these 34 genera ted  A M B E R  

s t ru c tu re s ,  10  were  chosen  for fur ther  ana lys i s  based  on low 

e n e r g y .

The  total  en e rg y  o f  each  A M B E R  c o n fo rm e r  before  the 

re f inem en t  is a round  10 3- 1 0 7 kcal /mol .  Afte r  the re f inement  the
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total energy  was  lowered to approximate ly  -102 kcal /mol.  The total 

e n e r g y  and  d i s t a n c e  c o n s t r a i n t  e n e r g i e s  o f  10 c o n f o r m e r s  

generated from the program AM BER are listed in Table 3.11.

B ackbone  a toms of  P-sheets  and P- tu rns  o f  10 con fo rm e rs  

g ene ra ted  by the p rogram  A M B E R  are supe r im posed  in Figure

3 .22 .
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Figure 3.22. Superimposition o f  backbone atoms o f 10 conformers 

fragments for the major f)-sheet (16*29) in (A ) ,  for the minor 0-  

sheet (32-42) in (B ),  for the p-turn (21-24) in (C )  and the P-turn  

(35-39) in (D). Only the Ca atoms are shown.

B / / /

'39
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Table 3.11.  S um m ary  o f  conformationa l  energ ies  for the final 10 

FIX-EGF1 c o n fo rm e rs  used to rep resen t  the so lu t ion  s truc ture  

c o n f o r m a t i o n .

A M BER confo rmer  A M BE R cons tra in t  A M B E R  total energy

n u m b e r  ene rgy  (k ca l /m o l )  ( k c a l /m o l )

1 1 8  - 3 7 5
2 7 6 - 1 5  0
3 4 5 - 2 3 0
4 2 7 - 2 9 5
5 1 6  - 3 6 9
6 4 7  - 2 3 5
7 6 6  - 1 1 6
8 8 0  - 1 5 5
9 3 5  - 2 7 7

1 0  7 2 - 1 0 0

Poss ib le  hyd rogen  bond  loca tions  for  the o bse rved  s lowly  

e x c h a n g i n g  a m id e  p r o to n s  w ere  e x a m i n e d  a m o n g  the se  10 

conformers  with the p rogram Insigh tl l  (Biosym).  A low consis tency 

for the p ro ton  accep to rs  a m o n g  the 10 c o n fo rm e rs  was  found ,  

except  those H-bonds  in the P-sheets  appl ied  as cons tra in ts  for the 

s truc tu re  ca lcu la t ions .  There fore ,  l i tt le in fo rm at ion  can be drawn 

for  the s tructura l  ro les  of  the s lowly  e x cha ng ing  am ide  pro tons  

outside of  P-sheets  region at this moment.
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3.3. Discussion

S o lu t io n  s t ru c tu re  o f  F I X - E G F I : The  main features o f  the 

secondary  structure o f  FIX-EGF1 are a ma jor  ant iparal lel  b-sheet  

c o n n e c t i n g  r e s id u e s  16 -20  and  2 5 -2 9 ,  and  a s e c o n d  shee t  

c o n n e c t i n g  r e s id u e s  3 2 -3 4  and  4 0 -42 .  N e i th e r  turn ,  a fou r  

res idue- turn  with the first sheet ,  and a five res idue- turn  with the 

second sheet ,  were  class if ied  as s tandard  type I or  type II turn 

af te r  c o n s id e ra t io n  o f  the am in o  ac ids  invo lved ,  the o bse rved  

N OE SY  patterns,  and the magnitude  of  3J h N cx co u p l in g  co n s ta n t s

(see Table 3.4 for details) (68 ).

There are two subdomains  in this s tructure.  One cons ists  of  

a m in o  ac id  res idues  1-28, and ano the r  cons is t s  o f  29-43.  Each 

domain  has an antiparal lel  (3-sheet associated  with a non-s tandard  

P-turn.  Tab le  3.12 lists all N O E s  be tween  the tw o  subdom ains .  

F igure 3.23 gives  a rep resen tat ive d rawing  with indicat ion o f  the 

pos i t ions  for  res idues  12-14, and 35-39.  The  N H 2 - te rm ina l  tail 

(residues 1-6 ) is not well defined.
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Figure 3.23. The representative ribbon drawing for the structure 

of FIX-EGF1 with the indication of residues 12-14, and 35-39.
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T a b le  3 .1 2 .  T h e  o b se r v e d  N O E s b e tw e en  th e  tw o  
s u b d o m a in s .

12 a H - 3 7 a H 1.8-4.2A
1 2 aH- 3 7p rH 1. 8 - 3 . 9 A
13NH- 37 prH 1.8-6.5A
14NH-35NH 1.8-5 .5A
14PH-35NH 1.8-3.5 A
35NH-13psH 1.8-5 .0A
35 NH- 13prH 1.8-4.3 A
37pHr-13yH 1.8-6 .4A
3 7 a H - 13m8H r 1.8-8.0A*
3 7 pH s - 13yH 1. 8-5 .5A
38pH-14pH 1.8-6.0A
3 8 p H - 13 p Hr 1. 8-6 .5A
3 9 a H - l  3pH r 1.8-3.8 A
3 9 aH -1 3p Hs 1.8-5 .0A
39aH-13yH 1.8-4 .7A
3 9 a H - 13m8Hr 1.8-7.6A*
3 9 a H - 13m8H s 1.8-7.4A*

* in d ica te s  the d i s tances  for  m e thy l  g roup  p ro tons  w h ich  are 

mult ip l ied by 1.3.

As showing in Figure 3.24 the C- terminal  tail o f  the molecule 

turns under  the f ragment 34-36,  while in the EGF-like  module  of 

fac tor  X and in m E G F  the C- te rminal  tail goes over  this section 

( 1 0 9 - 1  10) .
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Figure 3.24. The representative ribbon drawing for the structure 

of FIX-EGF1 with the indication of the fragment of 34-36.



Evaluation  o f  the qual i ty  o f  the structure:  The quali ty of the

s truc ture  de te rm ina t ion  with in  the two P-sheets  is be t ter  than for

the overal l  molecu les.  Superposi t ions of  the C a  coordina tes for  the 

P-sheets  and P- turns of  10 A M B E R  structures are shown in Figure

3 .2 2 .  T h e  r o o t - m e a n - s q u a r e  d e v i a t i o n s  ( R M S D s )  fo r  the  

superpos i t ion  o f  pa i rwise  backbone  a toms o f  four  f ragm en ts  are 

presen ted in Table  3.13.

Tab le  3.13 .  A v e rag e  R M S D s  of  the 10 F1X-EGF1 c o n fo rm e r s
generated by A M B E R  from one of the conformer

A to m s  used  f o r  R M S D  c a l c u l a t io n  A v e ra g e  R M S D  (A)

N, C « ,  C ’ of  residues 16-29 1.71 ± 0.5 A

N, C a , C ’ of  residues 32-42 1.42 ± 0.3 A

N, C a , C ’ of  residues 21-24 0.8 ± 0.2 A

N, C “ , C' of  residues 35-39 0.73 ± 0.2 A

N, C a , C' of  residues 1-43 3.68 ± 0.8 A

R a m a c h a n d ra n  plot  (0 -<p ) is a useful rule for evaluating the 

q u a l i ty  o f  a p ro te in  s t ruc tu re  d e te rm in a t io n ,  s ince  am in o  ac id  

r e s id u e s  in p ro te in s  g e n e ra l ly  ad o p t  b a c k b o n e  c o n f o r m a t i o n s  

c o r r e s p o n d in g  to low -energy  m in im a  o f  am in o  ac id  res idues  in 

small  pept ides  (109).  Figure 3.25 disp lays the correlat ion between 

the 0 and <p angles  of  the res idues 2-42 of  10 A M B E R  structures. 

T h e  s c a t t e r s  in t hi s  p lo t  in d i c a t e  the d i s t r i b u t i o n  o f  the
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c o n f o r m a t io n s  of  the pep t ide  b ack b o n e  in A M B E R  s t ruc tu res .  

E n e r g e t i c a l l y  f a v o r a b l e  reg io n  e x p e c t e d  fo r  the e x t e n u a t e d  

conformat ion  is found in the upper left quadrant .  G lycy l  residues 

( indicated by square signs)  are more dispersed in the r ight  ha lf  of  

the plot,  s ince their  g rea ter  conformationa l  f lexibi l i ty.  C om par ing  

the R a m a c h a n d r a n  p lo t  fo r  the m E G F  s t ru c t u re  (1 0 9 ) ,  the 

distr ibution of  the conformation for FIX-EGF1 and m E G F  are very 

similar. In the case of  the EGF-like modules,  this plot may not be a 

good indicat ion for the quality of  the structure.

Figure 3.25.  Ram achandran  plot  for residue 2-42 in 10 calcu la ted  

A M BER structures. Glycyl  residues are plot ted by squares while all 

others are indicated by plus signs.

++ + +

+

-1 8 0 0 180
<D



Calc ium binding site: If chemical shifts of  protons on calcium 

binding l igands will be affected by adding calcium ion, the proposed 

ca lc ium binding site was suggested to the region of  residue 2 0 -21 , 

24-26, and 4-7. A sp 20 (H ya64 in the protein, Hya: |} -OH-Asp)  has 

been previously cons idered as a calcium binding ligand in factor IX 

since Asn at posi t ion 20  instead of  (3-OH-Asp leads  to severe  

hem o p h i l i a  B with very low clot t ing  act ivi ty.  Genetic  defects  on 

position 46, 48,  49, 63 o f  factor  IX (corresponding  to posit ion 3, 5, 

6 , 20 in F IX -E G F 1)  lead to severe hem ophil ia  B with very  low 

c lo t t i n g  ac t iv i ty  (37).  This  ind ica te s  tha t  the se  r e s id u es  are 

importan t  for  the clot t ing act ivity.  They  may be involved in the 

ca lc ium  b inding  site, or  may be very close  to the b inding site. 

Recently ,  a high reso lu t ion  N M R  structure of  the ca lc ium -bound

form of  the N H 2- terminal EGF-like module in factor  X was reported 

(110).  The ca lcium binding cavity in this module  was found,  which 

consists  o f  four oxygens:  backbone carbonyls of  Gly47 and Gly64 as 

well as the side chain carbonyl  of  Gin49 and one of  the carbonyl 

oxygens  of  Hya63. In FIX-EGF1, this corresponds  to residues Gly4 , 

A s p 2 1 , G in 6 and A sp 2 0 , respec t ive ly .  E a r l ie r  work  based  on 

ca lc ium -dependen t  chem ica l  shif ts  sugges ted invo lvement  o f  S e r24

or T y r25 in the ca lc ium binding (112). If the residues  Ser24 and 

T y r 25 (cor responding  to 67-68 in factor  X) are not involved ,  the

c a l c iu m  in d u c e d  c h e m ic a l  sh if t  c h a n g e s  m ay  be due  to  the

c o n fo rm a t io n  c h an g e  on the A s p 20 - A s p 21 side of  the (3 - s h e e t .



Figure 3.26 shows that the residues Asp3-G ln 6, Asp20 and Asp21 

are in close proximity to each other.

Figure 3.26. The representative ribbon drawing o f the FIX-EGF1. 

The side chains of Asp3-G ln 6, Asp20 and Asp21 are shown. The 

numbers indicate the residue positions.
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If A sp5 is not  involved  direct ly in the ca lc ium binding site, 

the o bse rved  chem ica l  sh if t  change  at this  res idue  (s ubs tan t ia l  

c hem ica l  shif t  ch an g e  at a -p ro ton)  may be due to  n e ighbo r ing  

con fo rm a t io n a l  changes  of  G ly 4 and Gin6 . It has been sugges ted 

that al terat ion of  the posit ions of  a single surface charge close to the 

calcium binding site can reduce calcium binding aff ini ty (110).  This 

may be the reason that mutat ion  of  A sp 5 to  Glu  causes  severe 

hem oph i l i a  B wi t h  low clot t ing act ivity.  Fur ther  s tudy is necessary  

to ident ify  its side chain location in space with the ca lc ium  ion 

present  to confi rm this explanation.

Mutat ion at the posi tion of  Asp-* to Gly or Glu shows it is an 

important  res idue for  clot t ing act ivi ty (27, 35). The  N M R  evidence  

o f  this  s tudy showed no observab le  chem ica l  shift  change  after  

addi t ion of  ca lcium ion to FIX-EGF1 (112). However ,  the work of  

others (110) showed that the side chain of  A sp3 points  toward  the 

ca lc ium binding site. This s trongly suggests  that A sp 3 is involved in 

the ca lc ium binding in factor  X. The dif ferent  results  for  ca lc ium 

binding by A sp 3 may be due to pH difference (pH 4.7 for factor  IX- 

EGF1 versus pH 5.8 for the EGF-like module of  factor X).

The func t ion  o f  ( i -hydroxyaspar tic  a c i d : The peptide FIX-EGF1 

has  aspar t ic  acid at res idue  20 ( co r respond ing  to re s idue  64  in 

hum an FIX protein)  instead of  a P -h y d ro x y a s p a r t i c  acid.  It has 

been  d e m o n s t r a t e d  tha t  P - h y d r o x y a s p a r t i c  ac id  m a y  not  be 

requi red for  ca lc ium binding (34). This  result has been conf irm ed
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by the ca lcium dissocia t ion cons tan ts  of  0.4 mM (42), and 0.2-0.3 

m M  (43)  f rom  chem ica l  syn the t ic  and yeas t -g e n e ra te d  pept ides  

with the first EGF-like module  sequence without  p - h y d r o x y a s p a r t i c  

acid,  respec t ive ly .  And it has been pointed out that the hydroxyl  

g roup  po in ts  aw ay  from the puta t ive ca lc ium  ion (110).  The p- 

hydroxyaspar t i c  acid in factor  IX may con t r ibu te  to the ca lc ium 

binding affini ty,  but it is not necessary for calcium binding.

The ef fect o f  calcium b ind ing : Calcium binding to proteins can 

ei ther  s tabil ize a protein 's  conformat ion  or func tion as a jo in t  to 

connec t  a prote in to ano ther  molecu le .  In the case  of  FIX-EGF1,  

after addition o f  ca lc ium to the peptide solution,  the chemical  shifts 

o f  m o s t  r e s o n a n c e s  are a lm os t  unch an g e d .  Th is  ind ica te s  that 

ca lc ium  ion does  not  induce any major  conformat iona l  change  in 

the peptide.

The ca lc ium  binding pocket  on FIX-EGF1 is located on the 

major P-sheet  and N H 2- terminal tail. The possible role of  calcium is 

to make  the N H 2 -tail ( T y r * - G i n 6 ) close to the P-sheet .  It is known 

that the G la -dom a in  is connec ted  to the m e m brane  surface (50),  

possib ly  th rough  the interact ion o f  ca lc ium and phospholip id .  The 

N H 2-tail o f  FIX-EGF1 acts as a linker between Gla-domain  and the 

first EGF-like module.  The N H 2- terminal  ca lc ium -induced  shift does 

not affect  the globa l  confo rm at ion  of  the pept ide ,  but it may be 

im p o r ta n t  for  the r e la t iv e  p o s i t i o n in g  o f  the N H 2 * t e r m i n a l  

neighboring  reg ion-Gla  domain .  From the structure of  the calcium- 

bound EGF-like  domain  of  factor  X, it is clear  that af ter binding to
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ca lc ium ,  the pos i t ion  of  the N H 2 - te rminal  tail is m uch  bet te r  

def ined than the ca lc ium -f ree  form ( 110).

Is there a second  binding site? G lu34 and Val42 are other  two 

res idues  w hich  show ed  no t iceab le  sens i t iv i ty  to the add i t ion  of  

ca lc ium ion. Handford et al. reported a second aromatic resonance  

( c o r r e s p o n d i n g  to  P h e 33 in F I X - E G F I )  in a s ho r te r  p ep t ide  

( c o r r e s p o n d in g  to re s idue  2 to 40 o f  F IX -E G F 1 )  tha t  show ed  

sensi t ivi ty to ca lc ium ion, but it was also sensi t ive to magnes ium  

ion (43) with lower selectivi ty.  Since the shorter  peptide studied by 

H andfo rd  et al. has no V a l4 2 , the c o n s e q u e n c e  o f  c a l c i um-  

dependen t  chem ica l  shift  of  Phe33 is not clear .  Based on structures 

gotten from distance geometry  calcu la t ion,  G lu 34 and Val42 are too 

d is tan t  to par t icipa te  in the ca lc ium -b ind ing  site in the ma jor  P- 

sheet region.  There is not enough evidence to make a conclusion on 

the presence of  a second binding site involving G lu 34 and Val42 in  

FIX-EGFI at this moment.

Structural  compar ison be tween F IX -E G F I ,  F X -E G F  and  m E G F : 

The secondary  shift is defined as the difference of  the chemical  shift 

o f  a pro ton  resonance  o f  an am ino  acid observed  in the nat ive 

protein minus  its value found in a random coil pept ide  (109,113-  

115). Compar isons  have been made for  the amide protons of  FIX- 

EGFI vs. those of  the first EGF-like module of  FX, and similarly for 

F IX -E G F I  and mur ine  EGF. The results are plot ted in Figure 3.27.  

The  resul ts  indica te  that  there are strong  s imilar i t ies  in s t ructure 

a m ong  these modules .
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Figure 3.27. The compar ison of  1H chemical  shift for amide protons 

of  FIX-EGFI (filled circle), vs. those of  m E G F  (box) (A),  and of  FIX- 

EGFI (filled circle) vs. those of the EGF-like module of  factor X (cross 

s ign)(B) .
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The solu t ion structures o f  these molecu les  are very similar ,  

however ,  there are two s ignif icant  di fferences .  The  C- te rminal  tail 

of  the molecu le  turns under the residues 34-36,  while in the EGF- 

like module  of  factor  X and in mEGF,  the C-terminal  tail goes over 

this section.  Secondly,  the degree  of  the twist  in the major  P - s h e e t  

is d i f fe ren t  a m ong  these three  molecu les .  Those  con fo rm a t iona l  

d ifferences may be important  for  their functional  specifici ty.
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A p p e n d i x :  D istance  co n stra in ts  for so lu tion  stru ctu re
determ ination  o f  FIX -E G FI.
The constraints from NOEs and slowly exchanging amide protons.
The experimental interproton distance was loosely classified into one of three groups: 
short (d<2.8A), medium(2.8A<=d<=3.8A), or long(d>3.8A). The upper and lower 
bounds for short distances were determined by adding +0.5 A to experimental data. 
The upper bounds for medium distances were generated by adding 1.0 A and the lower 
bounds by adding -0.5 A. The upper and lower bounds for a long distances were 
modified by adding + 1.0 A. Hd and He are used for Tyr and Phe aromatic ring proton 
2,6H and 3,5H respectively. No other correction is added for this distance correction 
for methyl groups are: multiplying 1.2 for all methyl proton related cross peaks, execpt 
Leu40. x 1.348 for Leu40 methyl related cross peaks. In addition, 1.0 A is added to 
upper bounds for each methyl group involved in a distance constraint. In place of 
stereospecific assignments all pro chiral center are called "r" or "s" based upon their 
relative chemical shifts. The upfield resonance is "s" and the downfield resonance is 
"r".

Inter-residue NOE's
ha| 11 hgr[26) 1.8 6.0;  1102/1390
(1 );hd 1(1] mgs[2) 1.8 10.0 ; 685/1595,
hn[2| hbs|3] 1.8 5.0 ; 492/1328, hb|25| 1328
hn[2] hall] 1.8 3.23 ; 492/1103

hn|3] mgs|2) 1.87.11 ; 488/1597
hn[3] ha[2] 1.8 3.20 ; 488/1123
hn[3| hb[2] 1.8 5.0 ; 488/1433
(l);hn|4) ha[9) 1.8 4.57 ; 499/1092
hn|4] hbs[3) 1.8 4.22 ; 499/1328, not fit very well
hn[4) ha[3] 1.8 4.05 ; 499/1056, not fit very well
hn[5j hbr[3] 1.8 5.0 ; 522/1319
hn[5) har[4) 1.8 4.07 ; 522/1142
hn[6] hn(5) 1.8 5.0 ; 434/522
hn[6] hn[7] 1.8 4.16 ; 434/480, not fit very well

hn[7]hbr[6] 1.8 4.5 ; 480/1405
hn|7] ha|6 | 1.8 4.27 ; 480/1135
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hn[7] hbr(6] 1.8 6.87 ; 480/1443, can’t get from buildup,

hn[7]hn[81 1.8 2.89 ; 480 588
ha[7] hbr(8] 1.8 6.0; 1083/1419
ha|7| hgs[6] 1.8 6.0; 1083/1401
(l);ha|71 hbs[9] 1.8 6.0;  1083/1179
ha[71 hgr[ 11 ] 1.8 6.0; 1083/1533
hn[8) hn[91 1.8 3.20 ; 587/607, can't get from buildup
hn|8] ha|7] 1.8 5.0 ; 589/1087
ha[91 hbr)10] 1.8 6.0 ; 1091/1304. Changed from hbs[71 on 3/5/92. 
ha[9] hbr(8 | 1.8 6.0 ; 1091/1418 **.
(l);ha[9| hg[13] 1.8 8.0; 1091/1462. out 7/2/92 
ha[9J hgr[8 | 1.8 6.30; 1090/1369
(l);hbs[91 hbrl 121 1.8 6.0 ; 1179/1323, 1179 could be ha(22| needs to be checked 
7/7/92
hn[9| hbs[8] 1.8 4.02 ; 607/1425
ha|9] hbsj l l )  1.8 4.01 ; 1090/1495
ha( 10] hdr( 111 1.8 2.66; 1072/1214

hn( 101 hdr( 11) 1.8 3.18 ; 556/1216
hn[10| ha|9] 1.8 3.28 ; 557/1147
hnf 10| hn[91 1.8 3.89 ; 557/606, can’t get from buildup
(l);ha( 111 hg[ 131 1.8 4.01 ; 1106/1463
ha[ 111 mdrf 131 1.8 6.10; 1106/1596, x 1.2 for correction
ha[ 111 mds( 13) 1.8 6.14 ; 1106/1611, x 1.2 for correction
hdrj 11 ] hbrllOJ 1.8 4.10; 1214/1305
hdrfl 11 hbrf 18) 1.8 3.92; 1214/1279 **
(l);ha[ 11| hbr|39| 1.8 6.0; 1106/1412, 1412 could be hb[22|?

(l);ha[ 111 hb|22] 1.8 6.0; 1106/1416. Could be just the internal 
ha[12] mdr(13) 1.8 6.8 ; 1083/1594, x 1.2 for correction, 
hbs( 121 mds[131 1.8 8.0 ; 1371/1612, 1371 could be hbr!8] 
ha[ 12] hgr[ 11 ] 1.8 6.0; 1083/1534 
ha{ 12] hgs[ 11] 1.8 6.0; 1083/1631 
hal 12] hg( 131 1.8 6.0 ; 1083/1463

(1 );ha[ 12J hbs[391 1.8 6.0; 1083/1439, 1439 could be hbr( 14) 
ha[ 12) hg[ 13] 1.8 6.0; 1083/1461 
ha[ 12] ha|37] 1.8 4.22 ; 1083/893



hbs[ 12) has( 16) 1.8 3.20; 1371/1182
hbrf 12) has| 16] 1.8 4 .0 ; 1323/1182
ha( 12] hbr|37] 1.8 3.93 ; 1084/1212, 1084 could be ha|7],
ha[ 12] hbs(l 1 ] 1.8 4 .20; 1084/1495, visual, change from
hn( 12] hg r[ll] 1.8 4.5 ; 594/1537
hn[ 12] hn[ 13] 1.8 5.0 ; 593/480. changed from hn|7| to hn] 13]. 
hn] 121 hnf 10] 1.8 5.5 ; 594/556
hn] 12] hbs| 11] 1.8 5.5 ; 593/1497.change from hbr] 13] to hbs| 11 ] 
hnf 12] ha] 11 ] 1.8 5.0 ; 593/1108
hn] 12] hdr] 11] 1.8 3.25 ; 593/1216, only see one hd for III]
hn] 13] hbs] 12] 1.8 4.33 ; 480/1376, 480 could be hn|7|,
hn] 13] hbr] 12] 1.8 4.50 ; 480/1326, not a good fit
hn] 13] hbr]371 1.8 6.5 ; 480/1214, 480 could be hn[7|, 1216
hd2z| 14] mdr| 13] 1.8 8.2 ; 675/1600. changed from mgs[2|7/2/92.
hd2e( 14] hbr] 13] 1.8 5.5 ; 669/1527. Changed from hbs]40) to
hd2e| 14] mdr] 13] 1.8 7.6 ; 669/1600. changed from mgs(2]7/2/92.
hn] 14] hn]35] 1.8 5.5 ; 469/536
hn] 14] hn] 16] 1.8 5.5 ; 468/592
hd2e[ 14] hbr] 13] 1.8 7.5 ; 669/1495, 1495 could be hbr] 11 ]
hn] 14] mds]13] 1.8 5.64 ; 469/1613, x 1.2 to correct distance.
hn] 14] ha] 13] 1.8 2.85 ; 469/1101
hn] 14] hbs] 13] 1.8 2.90 ; 469/1526
hn] 14] hbrf 13] 1.8 4.00 ; 469/1495, 1495 could be hbs] 11 ]
hn] 14] hn] 15] 1.8 3.00 ; 469/506, can't get from buildup
hn] 15] ha] 14] 1.8 3.20 ; 506/1160
hn] 15] hn] 16] 1.8 3.00 ; 506/592
harf 16] hdr] 30] 1.80 3.79; 1062/1218
har] 16] hds]301 1.8 4.70; 1062/1250, 1250 could be
has] 16] hdr]30] 1.8 4.35 ; 1181/1217

has] 16] hds[30] 1.8 4 .10; 1182/1251, 1251 could be
hn] 16] has] 15] 1.8 5.3 ; 593/1203
hn] 16] hbrf28] 1.8 7.5 ; 592/1253. changed from hn] 12)7/7/92.
hn] 17] hn] 16] 1.8 4.9 ; 440/592

hn] 17] har]16] 1.8 3.00 ; 441/1065, not fit very well
hn] 17] hn]28] 1.8 5.5 ; 441/330



hbs|I7] hbs[28] 1.8 4.02; 1153/1251
hn[ 171 he3(28] 1.8 9.5 ; 441/611, not fit well ub was 11
(1 );hn[ 17) mdr(13| 1.8 8.16; 439/1612, needs to be checked
hn[ 18] hbs] 17] 1.8 4.30 ; 417/1152, can't get from buildup
hn[ 18] hd 1125] 1.88.9 ; 417/726. ub was 9.4, 7/9/92
hn[ 18] hn |20] 1.8 6.5 ; 417/437. out on 7/2/92 big violation.
hn[ 18] hbr] 12] 1.8 6.0 ; 417/1326. changed from hbs]25], 3/5/92
ha] 18| hbr[7] 1.8 5.55 ; 974/1266
ha[ 18] hbr|27] 1.8 4.53 ; 974/1289
ha| 18] hbs]27] 1.8 5.3 ; 974/1314, visual
hbr] 18] ha] 10] 1.8 7.03; 1280/1072, 1072 from ha]30] change to
hbr] 18] ha(7] 1.8 5.95; 1280/1084, 1084 could be ha] 12]
ha] 18] ha]27] 1.8 3.6 ; 975/907
(l);ha[ 18) mdr|40| 1.8 8.0 ; 973/1597, 1597 could be mdr| 13]
(1 );ha[ 18] hbr] 11 ] 1.8 6.0 ; 973/1477. change from hbs] 19] 7/2.
ha] 18] hbs] 17] 1.8 6.0 ; 974/1152, 974 could be ha]29]
hn] 18] hbr] 18] 1.8 2.91 ; 417/1282
hn] 19] ha] 18] 1.8 3.1 ; 345/977
hn] 19] hbr] 18] 1.8 5 .0 ; 345/1282
(l);hza(19] hd2z| 10] 1.8 9.88 ; 646/755.not fit for any assigment 
hn] 19] hn]26) 1.8 6.0 ; 346/401

hn] 19] hbr]25] 1.8 6.0 ; 345/1268. out due to violation,7/2/92. 
(l);hn| 19] hbs]25] 1.8 6.0 ; 345/1327, 1327 could alsobehbs|3] 
hn] 19] ha]27] 1.8 6.0 ; 345/910 
ha]20] ha]25] 1.8 3.5 ; 1039/936
hbr]20] mg2(22| 1.8 8.20 ; 1299/1596, xl.2 for correction,
hn]20| hgr] 19] 1.8 4.8 ; 436/1539
hn] 20] hbr] 19] 1.85.4 ; 435/1470
hn(20] hbs] 19] 1.8 5.8 ; 435/1479
hn]20] hbs] 19] 1.8 4.60 ; 438/1477, can't get from buildup
hn]20] hbr] 19] 1.8 4.60 ; 438/1469, can’t get from buildup
hn]20] hbs]20] 1.8 3.00 ; 437/1334,
(1 );ha[21] ha] 19] 1.8 6.0 ; 998/1042.many choices on 1042,7/2 
(l);ha]211 hbr]3] 1.8 6.0 ; 999/1317 near 1317 is D5,D41,C27



I 5 0

(1 );ha[211 her[19] 1.8 6.0 ; 999/1330, hbs[20) or hbs[3] or hes[36| are around 1327- 
1328
ha[21] hg 1 rj221 1.8 6.0 ; 998/1503, 1503 could be hdr| 19)
ha[ 211 hg 1 s[22] 1.8 6 .0 ; 997/1551
ha[21] mg2[221 1.8 9.0 ; 998/1598, xl.2  for correction
hn[21 ] ha[20] 1.8 5.0 ; 504/1042
hn[21) ha[25| 1.8 4.00 ; 504/939, 504 could be hn(31|
hn(22] hg 1 r |22] 1.8 5.9 ; 442/1597, xl.2 for correction
hn[22] ha[21] 1.8 5.25 ; 442/998
hn[22] hbr[21 ] 1.8 4.65 ; 442/1354
hn[221 hbs(211 1.8 3.08 ; 441/1305
hn[22] hnf21) 1.8 3.67 ; 442/504
hnf23] ha[22] 1.8 3.84 ; 452/1180
hnf23] hn|24j 1.8 3.16 ; 452/608
hnf23] hb[22 ] 1.8 3.27 ; 452/1416
hn[23| hglr[22| 1.8 5.6 ; 451/1598, xl.2 for correction
ha]231 mg2(22] 1.8 7.30 ; 1025/1597, visual, xl.2 for
ha]24] hgr[6] 1.8 6.00 ; 1057/1375, 1057 could be ha|3]
ha[24] hbr(6] 1.8 6.0 ; 1058/1404
hnf24] hgr[6] 1.8 4.75 ; 608/1375. Changed from hn(9| to hn]24] 
ha[24] hdl{25] 1.8 8.5 ; 1057/719, ub was 9.2 
hnf24] hn[25] 1.8 5.25 ; 608/542

(1 );ha]24] hafl] 1.8 6.5; 1058/1100, very weak, not sure.7/2/92
hn[25] haf24] 1.8 4.05 ; 542/1061
hel (25] haf241 1.8 9.0 ; 723/1058,ub was 10.0
hd 1 [251 hgr[6] 1.8 8.22 ; 719/1376, up was 9.02
hdl (25] hbrf6) 1.8 7.25 ; 719/1403, ub was 9.05
he 1 f25f hbr(6f 1.8 9.12 ; 724/1404. Changed from hgrf 30) to ,ub was 9.92
he 1 [25J hgr(6f 1.8 9.30 ; 722/1375,could be Y1 @ 722 was 9.6
hel (25] hbs(6J 1.8 9.10 ; 723/1442, ub was 9.9
h d l[25] hgsfll] 1.8 9 .0 ; 718/1632,

h d l[25] hdr] 11 ] 1.8 9.0 ; 719/1212,
hdl [25] hgrfll] 1.8 8.37 ; 719/1535, ub was 9.17

h e l[25] hbrf 111 1.8 8.60 ; 723/1479,ub was 9.4
hel [25] hbs] 11] 1.8 8.50 ; 723/1494,ub was 9.3



h e l[251 hdr[ll) 1.8 8.79 ; 725/1535,ub was 9.0
h e l[25] hgs[ 11] 1.8 9.30 ; 722/1632,ub was 9.1
ha[25] hbr(21 ] 1.8 5.0 ; 936/1303
ha[25] hbs[21] 1.8 4.85 ; 937/1351
ha[25] hgs[26] 1.8 6.0 ; 937/1400, 1400 could be hgs[39]
hel [25] ha[26] 1.8 9.0 ; 723/1039,ub was 8.5
h d l[25] ha[26] 1.8 8.20 ; 718/1039,ub was 9.0
hbr[25] ha[26] 1.8 4.21 ; 1266/1041, 1041 could be ha|20]
hel|25] hbs|27] 1.8 8.87 ; 722/1314,
h e l[25] hgr[36] 1.8 8.44 ; 725/1519, ub was 9.5
hel125] ha[37| 1.8 9.14 ; 724/893,ub was 9.0
hn[ 26] hd 1 [25] 1.8 9.0 ; 401/720,
hgs[26| hbs[25] 1.8 3.96 ; 1401/1327, 1401 could be hgr[6|
(1 );ha[26] hbr[18] 1.8 5.5 ; 1039/1278, 1039 could be ha[40|, ha|20| 
hn[ 26] hbr[25] 1.8 3.8 ; 401/1267 
hn[26] hbs[25] 1.8 4.75 ; 401/1326 
hn[26] ha[25] 1.8 3.4 ; 401/937
hn[271 ha[26| 1.8 4.70 ; 374/1042, cannot get from buildup
hn[27] hbr[26] 1.8 4.85 ; 375/1428, can't get from buildup
hn[27] hbs[26] 1.8 4.85 ; 375/1438, can't get from buildup
ha[ 27] hbs[ 28 ] 1.8 6.0 ; 906/1252
ha[27] hbr[ 18] 1.8 5.24 ; 907/1279,
hn|28] ha[27] 1.8 3.97 ; 330/910

h e l[28] hbs[ 19] 1.8 6.0 ; 250/1477, ub was 12
h e l[28] hbr[ 19] 1.8 6.3 ; 250/1470 ub was 12.3
hh2[28] hbs[ 19] 1.8 9.5 ; 671/1477 ub was 12.5
he3[28] hbrf 17] 1.8 6.03 ; 611/1152
h d l[281 hbr[33] 1.8 11.55 ; 670/1274
ha[29] har[16] 1.8 3.13 ; 974/1063
ha[29] has[ 16] 1.8 3.5 ; 974/1184
ha[29] hdr[30] 1.80 2.75 ; 974/1219
ha[29] hds[30] 1.8 2.94 ; 974/1250

(1 );ha[29] hbs[38] 1.8 6.0 ; 974/1201, 974 could be ha[18]
haf 29] hgs[30] 1.8 6.0 ; 974/1432
ha[29] hgr[30] 1.8 6.0 ; 974/1404
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hdrf 30] hbrf29] 1.8 4.20 ; 1219/1299, 1299 could be hbrf 291.
hnf 31 ] hbs[30) 1.8 4.06 ; 505/1414

hn[311 hbrf 30] 1.8 4.05 ; 504/1363
hnf 311 haf 30) 1.8 3.00 ; 504/1072
hnf 311 hn[32] 1.8 4.00 ; 505/540, can not get from buildup
hd 1131 ] ha(30] 1.8 10.0 ; 665/1072
hd 1(311 haf 30] 1.8 6.0 ; 666/1071, ub was 8.91
hasf 32] mgs[42] 1.8 7.36 ; 1304/1648, xl.2 for correction

has|32] hb[42] 1.8 4.0 ; 1304/1456
harf32] mgs[42] 1.8 9.0 ; 1173/1648, xl.2  for correction
har[32| hb[42| 1.8 6.0 ; 1173/1455
hasf32) mgr|42) 1.8 9 .0; 1305/1623, 1305 could be hbr[21 ]
harf32] mg2[43) 1.8 9 .0; 1173/1569, xl.2 for correction
(1 );def/bou hbr[33f hbs|39J 4.0 6.0 ; 1275/1441, 1441 could be hbrf 14|
hnf32) hnf 33] 1.8 2.80 ; 540/589
hnf 32) haf 31) 1.8 2.67 ; 540/1109
hn[321 hbrf 311 1.8 4.85 ; 540/1257
hnf 32) hb[42j 1.8 4.75 ; 539/1457, can't get from buildup
hnf32] mgs|42| 1.8 7.62 ; 539/1649, xl.2 for methyl group
hnf 33f hasf 321 1.8 3.90 ; 589/1306
hnf 33J har[32) 1.8 4.80 ; 589/1172
haf 331 hbsf 34] 1.8 6.0 ; 915/1446, 1446 could be hbrf 14]
haf 33] hgrf 34) 1.8 6.0 ; 915/1407, hbrf39] is 1409
(l);ha|331 hbr|27| 1.8 6.0 ; 916/1291
he 1 f 33] hbr[28) 1.8 10.0 ; 675/1233,

hel[33J hbs[31 ] 1.8 9.0 ; 675/1300,ub was 10
he 1 [331 hbs[27] 1.8 8.95 ; 675/1313,
h e l[33] hgrf 30] 1.8 9.44 ; 675/1403, ub was 9.24,7/9
he 1 [33 ] hbr[34] 1.8 8.98 ; 675/1411, , 1411
h e l[33] hbrf 14] 1.8 8.95 ; 675/1440,change from hbs[39].
hel[33] hbs[ 14] 1.8 8.45 ; 675/1544,
he 1 [33] ha(41 ] 1.8 8.71 ; 676/1043,
h d l[33] ha[41] 1.8 8.07 ; 704/1042,

hdl[33] hds[30] 1.8 8.48 ; 704/1251, ,
hd 1133] hbr[27] 1.8 9.18 ; 704/1295,



hd 1 [33] hbrf 14) 1.8 8.40 ; 704/1441, changed from hbs[391,7/2 
h d l[331 hbrf301 1-8 8.40 ; 704/1363, 
h d l(33) hgr[30] 1.8 8.18 ; 704/1403,
hd 1 [33J hbr[34) 1.8 8.00 ; 704/1411,changed from hbs|30], 7/2
h d l[331 hgs[30) 1.8 8.40 ; 704/1433,
hdl1331 hbs[ 141 1.8 8.74 ; 704/1544,
ha[33] mgs[42) 1.8 7.84 ; 916/1647, xl.2 for correction
(l);hbr[331 har[ 151 1.8 3.96; 1274/1131, 1131 could be ha[381
hbr[33| ha[41| 1.8 4 .0 ; 1275/1043
h d l[33] hbs[37] 1.8 9.0 ; 706/1367,ub was 10.5
(l);hd 1(331 hbs[26| 1.8 8.5 ; 706/1437,ub was 10.5 needs to be checked 7/7/92
hd 1 [ 331 hbs[34) 1.8 10.0 ; 707/1445,
h d l[331 hn[42] 1.8 8.5 ; 706/556,ub was 8.5
hn[34| hbs[33] 1.8 5 .0; 371/1348
hn[34] h d l[331 1.8 8.0 ; 372/707 ub was 9.0
hn[34) harf35J 1.8 6.0 ; 371/1173, 1173 could be har[321
(1 );hn(34] ha[36] 1.8 6.0 ; 371/1147
hn[34) hbs[40) 1.8 5.0 ; 371/1527
hn[34) mgr[42] 1.8 9.4 ;372/1626, xl.2  for correction **mgr
hn[34) mgs[42] 1.8 7.2 ; 372/1649, xl.2 for correction
hgr[34J mgs[42) 1.8 7.30; 1408/1647 **mgs formg2
hn[34| mgs[42) 1.8 7.62 ; 372/1649, xl.2  for methyl group
hn[35) hbs[ 14) 1.8 3.58 ; 536/1546. out on 7/2. try 8/5.
hn[35| hbsf 131 1.8 5.0 ; 536/1527. out on 7/2. try 8/5
hn[35] hbrf 13] 1.8 4.3 ; 536/1495. out 7/2. try 8/5.
hn[35[ hbs[341 1.8 3.00 ; 536/1447
hn[35] hbr[34) 1.8 3.85 ; 537/1411

hn[35] hgr[34] 1.8 3.85 ; 537/1419
hn[35] h e l[33) 1.8 8.2 ; 536/677ub was 9.2
hn[35] h d l[33) 1.8 9.84 ; 536/706, not a good fit, real pk., try 8/5.
hn[36] hasf 35] 1.8 3.97 ; 358/1175
hn[36) hn[37] 1.8 4.25 ; 358/415
hbs[37] hg[ 13] 1.8 5.5 ; 1368/1464

(l);ha[37) hbsf27] 1.8 6.0; 892/1314, 1314 could be hbr[5] more than one choice, 
7/2/92.
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ha[37] mdr( 13) 1.8 8.0 ; 892/1595, xl.2 for correction 
ha( 371 hgs( 36] 1.8 6.0 ; 892/1517
ha[37] hbrf 36] 1.8 6.0 ; 892/1442, 1442 could be hbs|6| or hbrf 14] or hbs(39]
hnf 371 hgrf 36] 1.8 5 .0; 415/1522
hn[37 ] hdrf 36J 1.8 5.5 ; 415/1486
hbrf 37] hbsf39] 1.8 4.41 ; 1210/1440, 1440 could be
hbrf37] mdr(131 1.8 6 .44; 1210/1596, x l.2  for correction,
hbrf37) hgf 13] 1.8 4.2 ; 1210/1463
haf 37] hbs[38] 1.8 4.91 ; 892/1288
hnf 371 hnf38] 1.8 4.00 ; 415/599, can not get from buildup
hnf 37] hbrf36] 1.8 4.15 ; 415/1471
hnf37] hnf36] 1.8 4.50 ; 415/359
hnf 37] hbrf 36] 1.8 4.40 ; 415/1444, bad fit. Changed from hbsf 391
hnf 37] ha[36] 1.8 4.20 ; 415/1147, can't get from buildup
hnf38] haf37] 1.8 5.3 ; 599/894
hbrf381 hbs(33] 1.8 6.0 ; 1193/1347, 1349 is hgrf 39]
hbrf381 hbrf33] 1.8 5.5 ; 1193/1275
hbrf38] hbrf 14] 1.8 6 .0 ; 1195/1441,
hbrf38] hbrf 13] 1.8 6.5 ; 1195/1492
(1 >;haf 38] hgsf 36] 1.8 6 .5 ; 1133/1519, very very weak
haf 39] hbrf 13] 1.8 3.8; 1124/1494, changed from hbs] 11] 1492
haf39] hbs] 13] 1.8 5 .0; 1123/1524

haf 39] hgf 13] 1.8 4.7 ; 1124/1462
hgrf39] hbr(40] 1.8 4.55; 1349/1505
hbrf 39] hbrf40] 1.8 2.78 ; 1408/1507
hgrf39] mdr(40] 1.8 5.23 ; 1348/1596, xl.2  for correction
haf 39] mdr(13| 1.8 7.60 ; 1123/1596, 1596 could be mdr|40]
haf 39] mdsfl3] 1.8 7.44; 1123/1611, xl.2 for correction
hgsf39] hbrf40] 1.8 3.81 ; 1397/1506
hnf 39] hn]37] 1.8 6.5 ; 206/405, very very weak
hnf 391 hnf 38] 1.8 6.0 ; 206/597
hnf 39] hbrf 37] 1.8 6.5 ; 206/1214 , very very weak
hnf 39] haf38] 1.8 5 .5; 206/1134
hnf40] haf39] 1.8 4 .8 ; 438/1126
hbsf40] hbr]39] 1.8 4.1 ; 1527/1407



hn[40] hnj39] 1.8 5.0 ; 439/206, can not get from buildup
hn[40) hn[34) 1.8 4.64 ; 439/371, cannot get from buildup
hn|41] hbs[40] 1.8 4.02 ; 462/1526
ha[411 ha[33) 1.8 3.13 ; 1042/916
hb[42] has[32] 1.8 4 .23; 1456/1302, 1302 could be hbr|211
hn[42| ha|33j 1.8 4.14 ; 556/918, 556 could also be hn[ 10|
hn[42| ha(41 ] 1.8 3.85 ; 557/1045
hn[42] hn[43] 1.8 2.64 ; 557/589, not a good fit
hn[43| ha|42) 1.8 3.04 ; 589/1131, 589 maybe hn[33|,
hn[43| mgs[42) 1.8 7.60 ; 589/1649, xl.2  for correction
hn|431 hb[42| 1.8 5.0 ; 587/1457, Changed from hn|33| on 7/2/92
hn[43] mgr[42| 1.8 6.9 ; 588/1627, xl.2 for correction **mgr



Intra-residue NOE's:

ha( 11 hbr| 1) 1.8 2.82; 1101/1267, 1101 could be ha| 131
ha[2) hb[2) 1.8 3.80; 1121/1429
ha(2] mgs[2] 1.8 8.56; 1122/1596, another pk overlap?
hn|21 hb[2] 1.8 5.0 ; 492/1433
hn[2| haf2] 1.8 4.45 ; 492/1123, not fit
hn|2 | mgs[2) 1.8 7.07 ; 492/1598, xl.2 for methyl group
hn[3] hbs|3| 1.8 3.90 ; 488/1328, not fit very well
hn|4 | har[4) 1.8 3.06 ; 499/1142
hn|4 | has[4| 1.8 4.24 ; 499/1151
ha|51 hbs|5| 1.8 3.20 ; 1037/1314, visual
hn|5) hbs[5| 1.8 3.0; 522/1314
hn[6] hbs[6| 1.8 3.09; 434/1446
hn|6] ha|6] 1.8 4.26 ; 434/1132
he2e|6) hgr|6| 1.8 6.27 ; 630/1377
hn[6| hbr|6| 1.8 4.75 ; 434/1406
he2z[6| hgr|6| 1.8 7.5 ; 747/1376
hn|6) hgr(6] 1.8 3.85 ; 434/1378, not fit very well
ha|6) hbs[6| 1.8 3.85 ; 1132/1442
ha(6] hgr[6| 1.8 3.16; 1132/1375
ha[6| hbr[6| 1.8 2.81 ; 1132/1404
ha[7| hbr[7| 1.8 3.12 ; 1084/1266
ha[7] hbs[7) 1.8 3.20; 1084/1303
hn[7) hbr|7| 1.8 4.08 ; 480/1271
hn|7) hbs|7| 1.8 3.0; 480/1305
hn|7J ha|7] 1.8 2.66 ; 480/1087
hn[8] hbr|81 1.8 3.20 ; 587/1420
hn[81 hbs[8] 1.8 3.20 ; 587/1424
hn[8] hgr[8] 1.8 4.26 ; 587/1371
hn[8) ha|8) 1.8 3.95 ; 587/1147

ha(8] hgr[8| 1.8 4.00 ; 1145/1369, two hgr[8] are equiv.
ha[8] hbr[8] 1.8 3.200; 1146/1422
ha[8] hbs[8J 1.8 3.149 ; 1146/1426
ha(9) hbr|9] 1.8 2.94 ; 1091/1168



ha[9| hbs[9] 1.8 2.94 ; 1091/1179 
hn(9] hbs[9] 1.8 4.20 ; 607/1178 
hn[9] hbr[9| 1.8 4.20 ; 607/1169 
hn|9J ha[9] 1.8 4.40 ; 608/1092
ha[10| hbr( 10] 1.8 2.88; 1071/1307, almost equiv. hbr| 10)
hd2e| 10] hbr[ 10) 1.8 6.28 ; 638/1308, garma NH. 638
hn[ 10) hbr( 10] 1.8 3.19 ; 556/1308
hnJlO] ha| 10] 1.8 3.24 ; 556/1074

hd2z[ 10] hbrf 10] 1.8 7.89 ; 754/1308, can't get from buildup
ha( 11) hbr] 11 ] 1.8 2.88; 1106/1478
ha] 11 ] hbs| 111 1.8 2.95 ; 1106/1494
hdr] 111 hgr| 11 ] 1.8 3.14; 1213/1534
hdr| 11) hgs] 11 ] 1.8 2.98 ; 1213/1632
hdr] 11 ] hbr] 11 ] 1.84.90; 1212/1477
hbr] 11 ] hgs] 11 ] 1.8 3.45; 1477/1630
hbs] 11) hgs| 11 ] 1.8 4.12 ; 1494/1630
hdr| 11 ] hbs| 111 1.8 4.22; 1213/1495
hdr] 11 ] hbr111 ] 1.84.12; 1213/1477
ha] 121 hbr] 121 1.8 3.50; 1084/1323
ha] 12] hbs] 12] 1.8 2.82 ; 1084/1371
hn] 12] hbs] 12] 1.8 4.00 ; 593/1375
hn[ 12] hbr] 12] 1.8 3.12 ; 593/1326, not a good fit.
hn] 12] ha] 12] 1.8 4.47 ; 593/1086
hn] 13] hbs] 13] 1.8 3.91 ; 480/1528
hn] 13] hbr] 13] 1.8 2.75 ; 480/1495
hn] 131 hg] 13] 1.8 2.89 ; 480/1466
hn] 13] mdr[13] 1.8 6.72 ; x 1.2 for methyl group correction.
hn] 13] ha] 13] 1.8 2.89 ; 480/1101
ha] 13] hbr] 13] 1.8 3.18 ; 1101/1492
ha] 13] hbs] 13] 1.8 2.85 ; 1101/1523
ha] 13] mdr] 13] 1.8 5.84 ; 1101/1596, xl.2 for correction
hg] 13] mdr] 13] 1.8 5.88 ; 1463/1596, xl.2 for correction

hbs] 13] mdr] 13] 1.8 5.00; 1526/1597, xl.2 for correction
ha] 14] hbs] 141 18 3.19 ; 1159/1544
ha] 14] hbr] 14] 1.8 4.05 ; 1160/1442



hn(14| ha| 14] 1.8 2.70 ; 469/1161
hn[ 14] hbs[ 14] 1.8 4.89 ; 469/1547

hd2e[ 14] hbr|14] 1.8 6.58 ; 669/1443
hd2c[ 14] hbs] 14] 1.8 6.92 ; 669/1546
hd2z| 14] hbs] 14] 1.8 6.32 ; 677/1546
hn| 15] har] 15] 1.8 3.82 ; 506/1133
hn] 15] has] 15] 1.8 2.92 ; 506/1203
hn] 16] has] 161 1.8 3.18 ; 592/1185
hn| 17] hbr] 17] 1.8 4.80 ; 441/1153, not fit very well
hn] 18] ha] 18] 1.8 5.0 ; 417/977
hn] 19] hgr] 19] 1.8 5.5 ; 346/1539
ha] 19] hbs] 19] 1.8 3.82 ; 1043/1476
ha] 19] hdr] 19] 1.8 3.81 ; 1043/1503
ha] 19] hgr] 19] 1.8 3.91 ; 1043/1538
ha] 20] hbr] 20] 1.8 3.10 ; 1039/1300, visual
ha]20] hbs] 20] 1.8 3.80 ; 1039/1327, visual
hn]20] ha] 20] 1.8 3.05 ; 437/1042
hn[20| hbr]20] 1.8 3.08 ; 436/1303, not fit very well
hn]211 hbr]21 ] 1.8 3.20 ; 504/1354,

ha( 21) hbs] 211 1.8 3.00 ; 998/1352
ha]22] hb |22) 1.8 4.14 ; 1178/1413
ha]22] hg 1 r]22] 1.8 4.40; 1178/1504
ha]221 hg 1 s[22] 1.8 4.20 ; 1178/1554
ha]22] mg2(22| 1.8 4.99 , 1179/1597
hb]22) mg2|22| 1.8 6.14 ; 1406/1596, xl.2 for correction 
hb[22] hg 1 s(221 1.8 4.30; 1414/1554
hb[22] hg 1 r]22] 1.8 2.90 ; 1414/1506

hn]22] hg 1 r[22] 1.8 3.00 ; 442/1506, not fit very well
hn]22] hb]22] 1.8 3.80 ; 442/1416
hn]22] ha]22) 1.8 2.84 ; 442/1180
hn|22] hgls|22] 1.8 4.95 ; 442/1554, can’t get from buildup
hd2e|23| hbs(23| 1.8 4.10 ; 606/1312
hd2e]23] hbr]23] 1.8 4.50 ; 606/1303
hn]23] hbr]23] 1.8 4.75 ; 452/1303
hn]23] hbs|23| 1.8 4.5 ; 452/1314



hd2z(23J hbs[23) 1.8 6.0 ; 713/1312
hn[24] ha[24) 1.8 5.0 ; 608/1060
hnj24] hbs|24) 1.8 5.3 ; 608/1168. visual
ha[24] hbr(24] 1.8 3.00 ; 1058/1168
hn|25| hbs|25] 1.8 4.68 ; 543/1326

hn[25] ha[25I 1.8 4.00 ; 542/939
hn|25] hd 1 (25] 1.8 8.03 ; 542/720, .
hd 1 [251 hbr[25| 1.8 7.17 ; 719/1265
hd 11251 hbs|25] 1.8 7.17 ; 719/1326
he 1 (251 hbr(25] 1.8 8.00 ; 723/1266
he I (251 hbs|251 1.8 8.00 ; 723/1326
ha[251 hbr|25| 1.8 2.97 ; 937/1265
ha[ 251 hbs(251 1.8 3.04 ; 937/1326
hn|26| hbr[26| 1.8 5.5 ; 400/1428
hn[26J hbs[261 1.8 5.6 ; 400/1438
ha|26| hbr(26] 1.8 3.09 ; 1040/1426
ha[26] hbs|26| 1.8 3.02 ; 1040/1435
ha[26] hgr(26| 1.8 4 .60; 1040/1387
ha[26) hgs(26| 1.8 4.02 ; 1040/1398
ha[ 271 hbs( 27 ] 1.8 3.10 ; 906/1314
ha(271 hbr|27| 1.8 3.21 ; 907/1289

hn|27) hbs[27| 1.8 4.65 ; 375/1316, cannot get from buildup
hn(27] ha[27) 1.8 3.90 ; 375/910, can't get from buildup
hn( 27] hbr[ 27] 1.8 3.90 ; 374/1291
hn[28| hbr(28] 1.8 5.5 ; 330/1235
hn[281 hbs(28] 1.8 5.7 ; 330/1252
ha( 281 hbr|28J 1.8 3.10; 1021/1234
ha[28] hbs(28| 1.8 3.98 ; 1021/1250
ha(29] hbr[29| 1.8 2.91 ; 974/1299
ha[29) hbs[29) 1.8 3.24 ; 974/1351
hn[291 hbs[29) 1.8 3.18 ; 475/1353
hn[29] hbr(29) 1.8 4.10 ; 475/1301, can't get from buildup
ha[ 30) hbr( 30] 1.8 3.16 ; 1070/1363
ha |30] hgr]30] 1.8 5.16; 1070/1403
ha(30] hbs] 30] 1.8 3.14 ; 1070/1413



ha[30| hgs[301 1.8 4.52 ; 1070/1432
hdr( 30) hgs[30| 1.8 3.07 ; 1219/1433
hds[301 hgs[30) 1.8 4.05 ; 1251/1406
hds[301 hgr(301 1.8 4.02 ; 1251/1433
hgr[30| hdr[30| 1.8 4.30; 1403/1218
ha[3l] hbr(311 1.8 3.02; 1109/1256

he 1(311 hbr(311 1.8 10.5 ; 650/1257, very very weak
he 1131 ] hbs(31) 1.8 10.5 ; 650/1301, very very weak
ha[311 hbs[31 ] 1.8 3.18 ; 1109/1301
hn |311 hbs[31 ] 1.8 2.94 ; 505/1301
hn[311 ha|31) 1.8 4.70 ; 505/1109
hn[31) he 1 [311 1.8 8.21 ; 504/665, .
hn[32) har[32| 1.8 3.00 ; 540/1172
hn| 321 has[ 321 1.8 2.86 ; 540/1306

he 1(331 hbs[33J 1.8 8.25 ; 675/1342,changed from hbs|41|
ha[ 33] hbr|33) 1.8 3.00 ; 916/1275
ha(331 hbs(33] 1.8 3.11 ; 916/1345
hn|33| hbs[33) 1.8 3.06 ; 589/1348
hn(331 ha[33| 1.8 4.14 ; 589/918, can't get from buildup.
hn[331 hbrl33) 1.8 4.10 ; 589/1277, can't get from buildup
hn(34) hbs[34] 1.8 4.05; 372/1447

hn|34| hbr[34| 1.8 3.94 ; 372/1411

hn[35) har|35] 1.8 3.81 ; 536/1126
hn[36| hbs[36| 1.8 4.29 ; 358/1472
hn|36) hbr| 36) 1.8 2.95 ; 358/1444
hn[36) ha|36| 1.8 3.91 ; 358/1146
hn[36] hgr[36] 1.8 4.21 ; 358/1519
hn[36] hdrf36) 1.8 4.96 ; 358/1486, can't get from buildup
her]36) hdr(36) 1.8 3.95 ; 1317/1484
hes[36) hgs[36| 1.8 4.53 ; 1326/1519

her)36) hgs)36) 1.8 4.13; 1316/1519
hes) 36) hgr)36) 1.8 3.97 ; 1326/1483
hbr)36) hes)36) 1.8 4.15; 1443/1326
hbr)36) hgs]36) 1.8 2.85 ; 1443/1517
her) 36] hgs) 36) 1.8 3.95 ; 1318/1520



hes|36] hdr[36| 1.8 4.30 ; 1325/1482. can’t get from buildup
hes[36) hbr[36] 1.8 4.30 ; 1325/1442, can't get from buildup
ha[36| hbr|36] 1.8 3.51 ; 1146/1443
ha( 36] hbs[361 1.8 4.15 ; 1146/1469
ha[36] hdr[36J 1.8 4.23 ; 1146/1483
ha[ 36] hgr(36] 1.8 3.11 ; 1146/1519
ha[37] hbr[37] 1.8 3.18 ; 892/1210
ha| 37] hbs|37] 1.8 3.29 ; 892/1366
hn[37] hbs(37| 1.8 3.92 ; 415/1367
hn[37| hbr(37] 1.8 4.28 ; 415/1212, can't get from buildup
hd2e[37) hbs|37] 1.8 4.18 ; 650/1367
hd2e[37] hbr|37| 1.8 4.20 ; 650/1212
hd2z[37) hbr[37| 1.8 5.5 ; 716/1214
hn[38) ha|38| 1.8 2.70 ; 599/1133
ha[38| hbs[38] 1.8 2.88 ; 1132/1288
ha[39] hgsl39| 1.8 3.95 ; 1124/1400
ha[39| hbr[39] 1.8 2.84 ; 1124/1409
ha[39) hbs[391 1.8 3.25 ; 1124/1441
ha[39] hgr[39| 1.8 4 .50; 1123/1348
hbs|39| hgr[39) 1.8 3.0 ; 1441/1349
hn[39| hbr[39] 1.8 5.5 ; 206/1411

hn[39] hbs(39| 1.8 5.3 ; 206/1441

(1 );hn(39] hbs|29| 1.8 6.5 ; 206/1352 , very very weak
ha[40] hbr|40] 1.8 3.18 ; 1039/1507
ha[40| hbs[40] 1.8 3.15 ; 1039/1527
ha[40) mdr!401 1.8 5.23 ; 1039/1597, xl.348 for correction
hn[40) hbr[40) 1.8 3.00 ; 439/1510, not fit very well
hn[40] hbs[40) 1.8 4.05 ; 439/1526, not fit very well
hn[411 h a |411 1.8 4.08 ; 462/1043, fit not good
hn[41] hbr[41] 1.8 3.26 ; 462/1314
hn[41 ] hbs[41 ] 1.8 3.28 ; 462/1342
ha[41| hbs[41] 1.8 2.95 ; 1042/1341
hb[42) mgr(42] 1.8 6.64 ; 1456/1624, xl.2 for correction
hb[42| mgs[42) 1.8 6.88 ; 1456/1647, xl.2 for correction
ha[42] hb[42) 1.8 4.06 ; 1132/1455
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ha[42| mgrf42] 1.8 7.12; 1132/1624, xl .2 for correction 
ha(42] mgs[421 1.8 7.50; 1132/1646, xl.2 for correction 
hn[42] mgs[42) 1.8 7.56 ; 557/1648, xl.2  for distance 
hn[42| ha[42] 1.8 3.23 ; 557/1131, can't get from buildup 
hn[42| hb[42] 1.8 3.86 ; 557/1458 
ha[43] hb[43) 1.8 2.80; 1115/1569 
ha[43) mg2[43| 1.8 7.90 ; 1125/1570 
hn[431 mg2[43| 1.8 7.0 ; 589/1571

hydrogen bond constraints are assigned between known slowly
exchanging amide protons and a suitable carbonyl oxygen acceptor.
hn| 171 o[28] 1.8 3.5
hn[28) o( 171 1.8 3.5
hn| 19] o|26) 1.8 3.5
hn(26) o( 191 18 3.5
hn(321 o(421 1.8 3.5

hn[42] o|321 1 8 3.5
hn|34| o |40| 1.8 3.5
hn|40) o[341 1.8 3.5

(1): indicates the NOE did not be applied for the structure calculation.



1 6  3

R e f e r e n c e s

1. N a w r o t h ,  P.  P. ,  &  S t e m ,  D.  M.  (1 9 8 6 )  In Vascular Endothelium  in Homeostasis  

a n d  T h r o m b o s is  G i m b r o n e ,  M.  A.  ( c d . )  pp.  14 -3 9 .  C h u r c h i l l  L i v i n g s t o n e ,  

E d i n b u r g h ,  U K :  E n d o th e l i a l  c e l l s  as a c t i ve  p a r t i c i p a n t s  in p r o c o a g u l a n t  r eac t i ons .

2. M a j c r u s ,  P.  W .  ( 1 9 8 7 )  in The M o le c u la r  B a s is  o f  B lo o d  D ise a se s  

(S t a m a t o y a n n o p o u l o s ,  G . ,  N ic n hu i s ,  A.  W. ,  Lc dc r .  P. .  &  M a j c ru s ,  P. W. ,  Eds . )  pp.  

6 8 9 - 7 2 1 ,  W .  B.  S a u n d e r s  Co . ,  P h i l ad e lp h i a ,  P A

3. W a l s h ,  P. N.  ( 1 9 7 4 )  B l o o d  , 43, 5 9 7 - 6 0 5 :  P l a t e l e t  c o a g u l a n t  a c t i v i t i e s  and  

h e m o s t a s i s :  a  h y p o t h e s i s .

4.  D av i e .  E. W . ,  F u j i k a w a ,  K. ,  &  Ki s i c l ,  W.  ( 1 9 9 1 )  B io c h e m is t r y , .  43. 10363-  

1037 0 :  T h e  c o a g u l a t i o n  c a s c a d e :  i n i t i a t i on ,  m a i n t e n a n c e ,  a n d  r e g u l a t i o n .

5.  M o r a w i t z ,  P.  ( 1 9 0 5 )  , b i o l o g i s c h e n  C h e m ie  u n d  e x p e r i m e n t a e l l e n  

P harm ako log ie ,  4, 3 0 7 - 4 2 2 ,  D ie  C h e m i e  d c r  B l u t g c r i n n c r u n g ,  in E r g c b n i s s c  d c r  

P h y s i o l o g i c .

6 . D av i e ,  E.  W . ,  &  R a t n o f f ,  O.  D. ( 1 9 6 4 )  S c ie n c e  , 145, 1 3 1 0 - 1 3 1 2 :  W a t e r f a l l  

s e q u e n c e  fo r  i n t r i n s i c  b l o o d  c lo t t i ng .

7. M a c F a r l a n c ,  R.  G .  ( 1 9 6 4 )  N a tu r e  ,202 ,  4 9 8 - 4 9 9 :  An  e n z y m e  c a s c a d e  in the 

b l o o d  c lo t t i n g  m e c h a n i s m  and  its f unc t i on  as  a  b io c h e m ic a l  am p l i f i e r .

8 . W e i s s ,  H.  J. ,  T u r i l t o ,  V. T . ,  B a u m g a r t n e r ,  H. R. ,  N c m c r s o n ,  Y. ,  &  H o f f m a n ,  T. 

( 1 9 8 9 )  B l o o d ,  73, 9 6 8 - 9 7 5 :  E v i d e n c e  fo r  the p r e s e n c e  o f  t i s s ue  f a c t o r  a c t i v i t y  

o n  s u b c n d o t h c l i u m .

9. Wi l cox ,  J. N. ,  Smi th ,  K. M „  S chw ar t z ,  S. M. ,  &  G or d o n ,  D. ( 1 98 9 )  Proc Natl Acad  

Sci. U. S. A.  86, 2 8 3 9 - 2 8 4 3 :  L o ca l i z a t i o n  o f  t i s sue  f ac to r  in t he  n o rm a l  ve s s e l  wal l  

a n d  in t h e  a t h e r o s c l e r o t i c  p l a q u e .

10. Z u r ,  M „  &  N e m e r s o n ,  Y.  ( 1 9 8 0 )  J  Biol Chem.  .255, 5 7 0 3 - 5 7 0 7 :  K in e t i c s  o f  

f a c t o r  IX ac t i v a t i o n  v i a  t he  e x t r i n s i c  p a th w a y .



1 6 4

11. K o m i y a m a ,  Y. ,  P e d e r s e n ,  A.  H. ,  &  Kis i c l .  W.  (1 99 0 )  B io c h e m is try  , 2 9 .  94 18 -  

9 4 2 5 :  P r o t e o l y t i c  a c t i v a t i o n  o f  h u m a n  f ac to r  IX a n d  X b y  r e c o m b i n a n t  h u m a n  

f ac t o r  V i l a :  e f f e c t s  o f  c a l c iu m ,  ph o sp h o l i p i d s ,  and  t i ssue  factor .

12. B ro zc ,  G .  J..  G i r a r d .  T.  J. .  &  N o vo tn y .  W.  F. ( 1 9 90 )  B io c h e m is t r y  . 2 9 .  75.39- 

7 5 4 6 :  R e g u l a t i o n  o f  c o a g u l a t i o n  by  a  m u l t i v a l c n i  ku n i t / . - t ypc  i n h i b i t o r

13. G i r a rd ,  T.  J. ,  War r e n ,  L. A.,  N ovo tny .  W.  F.,  Likcr t ,  K. M. ,  B ro wn .  S. G. .  Mi lc t ich.  J 

P. ,  &  B ro z c ,  G.  J. ( 1 9 8 9 )  N a tu r e  , 3 3 8 .  5 1 8 - 5 2 0 :  F u n c t i o n a l  s i g n i f i c a n c e  o f  the 

k u n i t z - t y p c  i n h i b i t o r y  d o m a i n s  o f  l i p o p r o t e i n - a s s o c i a t e d  c o a g u l a t i o n  i n h i b i t o r .

14. R a p a p o r t ,  S. I. ( 1 9 8 9 )  B lo o d  , 7 3 .  3 5 9 - 3 6 5 :  I n h i b i t i o n  o f  f a c t o r  V i l a / t i s s u e  

f a c t o r - i n d u c e d  b l o o d  c o a g u l a t i o n :  w i t h  p a r t i c u l a r  e m p h a s i s  u p o n  a f a c t o r  X a  

d e p e n d e n t  i n h i b i t o r y  m e c h a n i s m .

15. N a t i o ,  K „  & F u j i k aw a ,  K. ( 1 99 1 )  J  Biol Chem  2 6 6 ,  7 3 5 3 - 7 3 5 8 :  A c t i v a t i o n  o f  

h u m a n  b lo o d  c o a g u l a t i o n  f ac to r  XI  i n d e p e n d e n t  o f  f a c to r  XII.

16. T r a v i s ,  J . ,  an d  S a l v c s c n ,  G.  S. ( 1 9 8 3 ) ,  Ann Rev B iochem .  5 2 .  6 5 5 - 7 0 9 :  

H u m a n  p l a s m a  p r o t e i n a s e  i n h i b i t o r s .

17. E s m o n ,  C.  T .  ( 1 9 8 7 )  S c i e n c e ,  2 3 5 ,  1 3 4 8 - 1 3 5 2 :  T h e  r e g u l a t i o n  o f  n a t u r a l  

a n t i c o a g u l a n t  p a t h w a y s .

18. T o l l c f s c n ,  D.  M „  M a j c ru s ,  P.  W „  &  B lank .  M. K. ( 1 9 8 2 )  J Biol Chem..  2 5 7 ,  

2 1 6 2 - 2 1 6 9 :  H e p a r i n  c o f a c t o r  II.

19. S o t t r u p - J e n s e n ,  L. ( 1 9 8 7 )  in The Plasma Proteins  (P u t na m.  F. W. ,  Ed.  ) Vol .  5 .  

pp .  1 9 1 -2 9 1 ,  A c a d e m i c  P re s s ,  N e w  York.

20.  S u z u k i ,  K. ,  N i sh io ka ,  J.,  &  H as h i m o to ,  S. ( 1 9 83 )  J Biol Chem.,  2 5 8 .  16.3-168: 

P ro t e in  C  i nh ib i t o r .

21.  H e e b ,  M.  J., & G r i f f i n ,  J.  H.  ( 1 9 8 8 )  J  B io l  Chem.,  2 6 3 ,  1 1 6 1 3 - 1 1 6 1 6 :  

P h y s i o l o g i c  i nh ib i t i on  o f  h u m a n  ac t i va t e d  p ro t e in  C  by  a  1- a n t i t r y p s i n .



1 6  5

22.  G i m b r o n e ,  M.  A.  ( 1 9 8 6 ) :  V a s c u l a r  e n d o t h e l i u m :  n a tu r e ' s  b l o o d  c o n t a i n e r  In 

vascular Endothelium in Hemostasis and Thrombosis  (G i m b r o n e ,  M.  A.  Ed . )  pp.  I- 

13, C h u r c h i l l  L iv i n g s t o n e ,  E d i n b u r g h .  UK

23.  H e d ne r ,  U. ,  Dav i e ,  E .W . :  F a c to r  IX,  C o l m a n ,  R. W . ,  H ir sh.  J. ,  M ar dc r ,  V. J.,  

S a l / m a n ,  E.  W.  ( cds ) :  H emostasis  and  Thrombosis.  Ph i l ad e l p h i a ,  J. B. L ipp in co t t .  

1982,  p  29.

24 .  T h o m p s o n ,  A.  R . ( 1 9 8 6 )  B l o o d ,  67,  5 6 5 - 5 7 2 :  S t r u c t u r e ,  f u n c t i o n  a n d  

m o l e c u l a r  de f e c t s  o f  f a c t o r  IX.

25.  D i S c i p i o ,  R.  G . ,  a n d  D a v i e ,  E.  W.  ( 1 9 7 9 )  B i o c h e m i s t r y , 18, 8 9 9 - 9 0 4 :  

C h a r a c t e r i z a t i o n  o f  p r o t e in  S,  a g a m m a - c a r b o x y g l u t a m i c  ac id  c o n t a i n i n g  p ro t e in  

f rom b o v i n e  an d  h u m a n  p l a s m a .

26.  M c M u l l e n ,  B.  A. ,  F u j i k a w a ,  K. ,  and  Ki s i c l ,  W.  (1 9 8 3 )  Biochem Biophys Res 

C o m m  1 5 5 ,  8 -14 :  O c c u r r e n c e  o f  P - h y d r o x y a s p a r t i c  a c id  in the v i t a m i n  K- 

d e p e n d e n t  b l o o d  c o a g u l a t i o n  z y m o g e n .

27.  S t e n f lo ,  J. ( 1 9 9 1 )  B lo o d ,  78, 1 6 3 7 - 1 6 5 1 .  S t r u c t u r c - f u n c t i o n  r e l a t i o n s h i p  o f  

e p i d e r m a l  g r o w t h  f a c t o r  m o d u l e s  in v i t a m i n  K - d c p c n d c n t  c l o t t i n g  f ac tor s .

28.  B o ro w s k i ,  M. ,  Fu r i c ,  B. C. ,  and  Fur i c ,  B. ( 1986 ) .  J Biol Chem  261, 14969 -  

1 4 9 7 5 :  P r o t h r o m b i n  r e q u i r e s  t w o  s e q u e n t i a l  m e t a l - d e p e n d e n t  c o n f o r m a t i o n a l  

t r a n s i t i o n s  t o  b i n d  p h o s p h o l i p i d .

29.  St ra igh t ,  D. L. ,  Sherr i l l  G.  B.,  No yes ,  C. M. ,  T ra p p  H. G. ,  Wr igh t ,  S. F. ,  Rober ts ,  H. 

R. ,  H i sk cy ,  R.  G . ,  Gr i f f i t h ,  M.  J. ( 1 9 8 5 )  J Biol Chem  2 6 0 ,  289 0 :  S t r uc tu r a l  and  

f u n c t i o n a l  c h a r a c t e r i s t i c s  o f  a c t i v a t e d  h u m a n  f a c t o r  IX  a f t e r  c h e m i c a l  

m o d i f i c a t i o n  o f  y - c a r b o x y g l u t a m i c  ac id  r e s id ue s .

30.  Dav ie ,  E.  W. .  Fu j i kaw a ,  K. ,  Kur ach i ,  K. ,  and  Kis i c l ,  W.  (19 79 )  in Adv.  E nzym ol.  

48, 2 7 7 - 3 1 8 :  T h e  rol e o f  s e r i ne  p ro t c a sc s  in the b lo od  c o a g u l a t i o n  ca sca l c .

31.  O s t c r u d ,  B. ,  R a p a p o r t ,  S. 1. ( 1 9 7 7 )  Proc Natl A cad  Set USA , 7 4 ,  5 26 0 :  

A c t i v a t i o n  f a c t o r  IX by  t he  r e a c t i o n  p r o d u c t  o f  t i s s ue  f a c t o r  a nd  f a c t o r  VII :  

A d d i t i o n a l  p a t h w a y  fo r  i n i t i a t i ng  b lo o d  co a g u l a t i o n .



1 6 6

32 .  M c M u l l e n ,  B.  A . ,  F u j i k a w a ,  K. ,  K i s i c l ,  W.  (1 9 8 3 )  B iochem  B iophys Res  

C o m m u n  1 1 5 ,  8 . T h e  o c c u r r e n c e  o f  b a t a - h y d r o x y a s p a r t i c  a c i d  in v i t a m i n  K- 

d e p e n d e n t  b l o o d  c o a g u l a t i o n  z y m o g e n s .

33.  S t en f lo ,  J. ,  H o lm e ,  E. .  L inds t cdt ,  S. ,  C h a nd ra m o u l i ,  N. ,  H ua ng .  L. H. T. ,  T a m ,  J. P.. 

a n d  M c r r i f i c l d ,  R.  B. 1 9 8 9  Proc Natl A cad  Sci U S A. 8 6 . 4 4 4 - 4 4 7 :

H y d r o x y l a t i o n  o f  a sp a r t i c  a c id  in d o m a i n s  h o m o l o g o u s  t o  t he  e p i d e r m a l  g r o w th  

f a c t o r  p r e c u r s o r  is c a t a l y z e d  by  a  2 - o x o g l u t a r a t c - d c p c n d e n t  d i o x y g c n a s c .

34 .  M or i l a ,  T.  &  Ki s i c l ,  W .  ( 1 9 8 5 )  Biochem  Biophys Res C om m un  1 3 0 ,  841 -  

8 4 7 :  C a l c i u m  b i n d i n g  t o  a h u m a n  f a c t o r  I X a  d e r i v a t i v e  l a c k i n g  y-

c a r b o x y g l u t a m i c  ac id :  E v i d e n c e  fo r  t w o  h ig h -a f f i n i t y  s i t e s  tha t  d o  not  i n v o l ve  ()- 

h y d r o x y a s p a r t i c  a c id .

35.  Dav i s ,  L. M. ,  M c G r a w ,  R. A. ,  W are .  J. L. ,  R obe r t s ,  H. R. ,  and  S t a f fo rd ,  D. W.  

( 1 9 8 7 )  B lo o d ,  69, 1 4 0 -1 4 3 :  F a c t o r  I X A I a b a m a : A p o i n t  m u t a t i o n  in a c l o t t i n g

p r o t e in  r e su l t s  in h e m o p h i l i a  B.

36.  M c C o r d ,  D. M. ,  M o n r o e ,  D. M. ,  Smi th ,  K. J.,  and R o be r t s ,  H. R.  ( 1 9 9 0 )  J Biol 

C h e m .  265, 1 0 2 5 0 - 1 0 2 5 4 :  C h a r a c t e r i z a t i o n  o f  t he  fu n c t i o na l  d e f e c t  in f a c to r  IX 

A l a b a m a .  E v i d e n c e  fo r  a c o n f o r m a t i o n a l  c h a n g e  d u e  t o  h ig h  a f f i n i t y  c a l c i u m  

b i n d i n g  in t he  f i rs t  e p i d e r m a l  g r o w t h  f ac to r  d o m a i n .

37.  Lo z i e r ,  J. N.,  M o n r o e ,  D.  M. ,  S t a n f i c l d -O a k l c y ,  S. A. ( 1 9 9 0 )  B lood ,  I S ,  1097- 

1104:  F a c t o r  IX n e w  l on do n :  S u b s t i t u t i o n  o f  p ro l i nc  fo r  g l u t a m i n e  at p o s i t i on  50  

c a u s e s  s e v e r e  h e m o p h i l i a  B.

38.  Sp i zed ,  S.  G . ,  K u p p u s w a m y ,  M. N.,  Saini ,  R. ,  Kaspe r ,  C. K. ,  Birktof t ,  J. J., Bajaj ,  S. 

P. ( 1 9 9 0 )  B lo o d , .76, 15 30 -1 53 7 :  F a c to r  IX H o l l y w o o d :  S ub s t i t u t i o n  o f  P r o  55 by 

A l a  in t he  f i rs t  e p i d e r m a l  g r o w t h  f ac to r - l i k e  d o m a i n .

39.  W i n s h i p ,  P. R. ,  &  D ra g o n ,  A.  C.  ( 1 9 91 )  British J  H aem atology,  77 , 102 -109 :  

I d e n t i f i c a t i o n  o f  h a e m o p h i l i a  B p a t i e n t s  w i t h  m u t a t i o n s  in t h e  t w o  c a l c i u m  

b in d i n g  d o m a i n s  o f  f a c to r  IX:  im p o r t a n c e  o f  a (J -OH A s p  6 4  t o  As n  ch an ge .

40 .  G r e e n ,  P.  M. ,  B en t l ey ,  D.  R. ,  M i b a s h a n ,  R.  S. ,  N i l son ,  I. M. ,  and  G ia nn e l l i ,  F. 

( 1 9 8 9 )  EMBO J. 8 , 1 0 6 7 - 10 72 :  M o l e c u l a r  p a t h o l o g y  o f  h a e m o p h i l i a  B.



I 6 7

41 .  H ua n g ,  L. H. ,  Kc ,  X . H . ,  S w c c n c y .  W. ,  T a m ,  J. P. ( 19 89 )  Biochem Biophys Res 

C o m m u n .  160, 133 -13 9 :  C a l c i u m  b in d i n g  and  pu t a t i ve  ac t i v i t y  o f  t he  e p id e r m a l  

g r o w t h  f ac to r  d o m a i n  o f  b lood  co a g u l a t i o n  f ac to r  IX.

42 .  H u a n g ,  L.  H. ,  S w c c n c y ,  W. ,  T a m ,  J. P. ( 1 9 9 0 )  in P e p t id e s :  C h e m is t r y .  

Structure, and  Biology  R iv i e r ,  J. E. ,  &  Mar sha l l ,  G.  R. ,  Eds.  E s c o m ,  L e id en ,  pp.  97-  

98 :  B io lo g i c a l  a c t i v i t i e s  o f  syn t he t i c  E G F - l i k c  d o m a i n s  in b lo od  c o a g u l a t i o n  fac tor  

I X

43 .  H an d fo rd ,  P. A. ,  Ba ron .  M.  M a y h c w ,  M.,  Wi l ls ,  A. ,  Bccs l cy ,  T. ,  B ro w n le e ,  G.  G  . 

C a m p b e l l ,  I. D.  ( 1 9 9 0 )  E M BO  J  9 .  4 7 5 - 4 8 0 :  T h e  f i rs t  E G F - l i k c  d o m a i n  f ro m 

h u m a n  f ac to r  IX c o n t a i n s  a  h i gh -a f f i n i t y  c a l c iu m  b in d i n g  si te.

44 .  A s t c r m a r k ,  J . ,  S t c n f l o .  J. ( 1 9 9 1 )  J B io l Chem.  266 ,  2 4 3 8 - 2 4 4 3 :  T h e  

e p i d e r m a l  g r o w t h  f a c t o r - l i k e  d o m a i n s  o f  f a c t o r  IX.  E f f e c t  on  b l o o d  c lo t t i ng  and  

e n d o t h e l i a l  c e l l  b i n d i n g  o f  a f r a g m e n t  c o n t a i n i n g  t he  e p i d e r m a l  g r o w t h  f ac to r-  

l ike d o m a i n s  l i nk ed  to the y - c a r b o x y g l u t a m i c  ac id  r eg ion .

45 .  C a r pe n t e r ,  G.  &  W ah l ,  M .  L . ( 1 9 90 )  Handbook o f  Experimental Pharmacology.  

Vol .  95 ,  69 -1 7 1 :  T h e  e p id e r m a l  g ro w th  f ac tor  f ami ly ,  in S p o m ,  M. B. ,  Rob e r t s ,  A. 

B.  ( cds ) .  N e w  York ,  N Y.  Spr inger .

46 .  C a r p e n t e r ,  G . ,  C o h e n ,  S.  ( 1 9 9 0 )  J  Biol Chem. 265 7 7 0 9 - 7 7 1 2 :  E p i d e r m a l  

G r o w t h  Fac to r .

47 .  G a r y ,  A „  D u l l ,  T .  J . ,  U l l r i ch .  A . (1 9 8 3 )  N a t u r e .  3 0 3 ,  7 2 2 - 7 2 5 :  N u c l e o t i d e  

s e q u e n c e  o f  a  e p i d e r m a l  g r o w t h  f a c t o r  c D N A  p r e d i c t s  a 1 2 8 , 0 0 0 - m o l c c u l a r  

w e i g h t  p r o t e i n  p r e c u r s o r .

48 .  Bel l .  G.  L. ,  Fong ,  N. M. ,  S t c m p i c n ,  M.  M. ,  W o r m s t e d ,  M.  A. ,  C ap u t ,  D. .  Ku,  L... 

U rc d a ,  M.  S. ,  Ra i l ,  L.  B. ,  S a n c h c z - P c s c a d o r  R . ( 1 9 8 6 )  Nucleic Acids Res  , 14, 8427 -  

8 4 4 6 :  H u m a n  e p i d e r m a l  g r o w t h  f a c t o r  p r e c u r so r :  c D N A  s e q u e n c e ,  e x p r e s s i o n  in 

v i t r o  a n d  g e n e  o r g a n i z a t i o n .

49 .  Hea th ,  W.  F „  &  Mer r i f i e l d ,  R. B. ( 19 86 )  Proc Natl Acad Sci USA.  8 3 .  6 36 7 -  

6 3 7 1 :  A  s y n t h e t i c  a p p r o a c h  t o  s t r u c t u r c - f u n c t i o n  r e l a t i o n s h i p s  in the  m u r i n e  

e p i d e r m a l  g r o w t h  f a c t o r  m o l e c u l e .



1 6 8

50.  Fu r i c ,  B. ,  an d  Fur i c ,  B. C.  ( 1 98 8 )  C e l l ,  S3, 5 0 5 - 5 1 7 :  T h e  m o l e c u l a r  b a s i s  o f  

b lo o d  c o a g u l a t i o n .

51.  Re id .  K.  B. M.  and  Day .  A.  J. ( 1 9 89 )  Im m unol Today,  10, 177-180 :  S t r u c t u r e  

f u n c t i o n  r e l a t i o n s h i p s  o f  t he  c o m p l e m e n t  sy s t e m .

52.  Sco t t ,  J. ( 1 9 8 9 )  N a tu r e ,  338, 1 18 -1 19 :  U n r a v e l l i n g  a t h e r o s c l e r o s i s .

53.  W h a r t o n ,  K. A. ,  J o h an s en ,  K. M. ,  Xu,  T. ,  &  A r t a va n i s - T sa k on as ,  S. ( 1 9 85 )  Cell.  

4 3 ,  5 6 7 - 5 8 1 :  N u c l e o t i d e  s e q u e n c e  f r o m  th e  n e u r o g e n i c  l o c u s  n o t c h  i m p l i e s  a 

g e n e  p r o d u c t  t ha t  s h a r e s  h o m o l o g y  w i th  p r o t e in s  c o n t a i n i n g  E G F - l i k c  r epea t s .

54.  R inge r ,  S. .  ( 18 82 )  J  Physiol.,  4, 29.

55 .  S c a m o n ,  K. B.  and  K re t s i n g e r ,  R.  H. ( 1 9 83 ) :  C a l c i u m - m o d u l a t e d  p r o t e in s  in 

Calcium in biology  by Spi ro,  T.  G.  J. Wi l e y  &  Sons ,  Inc. ,  pp.  45 ,  N e w  York.

56.  W i l l i a m s ,  R.  J. P. ( 19 86 ) :  Calcium and the cell.: T h e  p h y s i c s  and  c h e m i s t r y  o f  

t he  c a l c i u m - b i n d i n g  p r o t e i n s .  W i l e y .  C h i c h e s t e r  ( C i b a  F o u n d a t i o n  S y m p o s i u m  

122. )  pp.  149.  N e w  York .

57.  N c l s c s tuc n ,  G.  L. ,  ( 1 9 8 4 )  in Metal Ions in Biological Systems.  Vol.  17, pp.  353- 

380,  H. Sigel ,  Ed . ,  Ma rce l  Dc kkc r ,  Inc. ,  N e w  York.

58.  Rc/ .a ie ,  A. R. ,  E s m o n ,  N.  L. ,  and  E s m o n ,  C. T .  ( 1 9 92 )  J Biol Chem.  2 6 7 ,  11701-  

11704 :  T h e  h ig h  a f f i n i t y  c a l c i u m - b i n d i n g  s i te  i n v o l v e d  in p r o t e in  C  a c t i v a t i o n  in 

o u t s i d e  t he  f i rs t  e p i d e r m a l  g r o w t h  f a c t o r  h o m o l o g y  d o m a i n .

59.  B ax ,  A.  ( 1 9 8 2 )  Two-dimensional N uclear M agnetic  Resonance,  Rc idc l ,  L on d o n .

60.  E rns t ,  R.  R. ,  B o d e n h a u s e n ,  G .  and  W o k a u n ,  A.  ( 1 9 8 7 )  Principles o f  N uclear  

Magnetic  Resonance in One and  Two Dimensions,  C l a r e n d o n ,  O x f o r d  U n iv e r s i t y  

P r e s s ,  L o n d o n  and  N e w  York.

61 .  C r o a s m u n ,  W.  R.  a nd  C a r l s o n ,  R.  M.  K. ,  c d s  ( 1 9 8 7 )  T w o -d im e n s io n a l  NMR  

Spectroscopy,  V C H ,  N e w  York.

62 .  D c r o m c ,  A.  E.  ( 1 9 8 7 )  M odern  N M R Techniques f o r  C hem is try  R esearch ,  

P e r g a m o n .



1 6 9

63.  S c h r a m l .  J. and B c l l a m a ,  J. M.  ( 1 9 8 8 )  Tw o-d im ensiona l  N M R S pec troscopy ,  

W il ey ,  N e w  York.

64 .  M a r t i n ,  G .  E.  a n d  Zc k t c r ,  A.  S. ( 1 9 8 8 )  Tw o-d im ensiona l NMR M ethods  fo r  

Establishing Molecular Connectivity,  V C H ,  N e w  York.

65.  W r i g h t ,  P.  E.  ( 1 9 9 0 )  in P rote ins  Form and  Function.  E d i t ed  by R a l p h  A. 

B r a d s h a w  a n d  M a r y  P u r t o n ,  E l s e v i e r  T r c n d a  J o u r n a l s ,  C a m b r i d g e ,  pp .  9 5 - 1 0 5 :  

W h a t  c an  t w o - d i m e n s i o n a l  N M R  tel l  u s  a bou t  p ro t e in s?

66 . N o g g l c ,  J. M .  a nd  S c h i r m c r ,  R.  E .  ( 1 9 7 1 )  The N uclear O verhauser  Effect.

C h e m i c a l  A pp l i c a t i o ns ,  A c a d e m i c  Pres s ,  N e w  York .

67 .  N c u h a u s ,  D. and  W i l l i a m s o n ,  M.  P. ( 1 9 8 9 )  The Nuclear Overhauser Effect in

S tructural and  Conformational Analysis, V C H ,  N e w  York.

68 . W u c th r i c h ,  K.  ( 1 9 8 6 )  in N M R  o f  P ro t e in s  and  Nuc le ic  Ac id s ,  W i l ey ,  N e w  York.

69.  W u c t h r i c h ,  K. .  B i l l c t r c ,  M.  a nd  B ra un ,  W.  (1 9 8 4 )  J M ol Biol.  1 8 0 .  7 1 5 - 7 4 0 :

P o l y p e p t i d e  s e c o n d a r y  s t r u c t u r e  d e t e r m i n a t e d  by  n u c l e a r  m a g n e t i c  r e s o n a n c e  

o b s e r v a t i o n  o f  sh o r t  p r o t o n - p r o t o n  d i s t a n c e s .

70.  B y s t ro v ,  V.  F. ( 1 9 7 6 )  Progr Nucl Magn Reson Spectros.,  10 ,  4 1 - 8 2 :  Sp in -  

sp in  c o u p l i n g  a nd  t he  c o n f o r m a t i o n a l  s t a t e s  o f  p e p t i d e  sy s t em s . .

71.  A.  Ka rp l u s ,  M.  (1 9 5 9 )  J  Phys Chem  3 0 ,  11-15.

72.  C r e i g h t o n ,  T .  ( 1 9 8 4 )  P ro t e in s :  S t r u c t u r e  a n d  M o l e c u l a r  p r o p e r t i e s ,  pp.  236 -

2 37 ,  W .  H.  F r e e m a n  a n d  C o m p a n y ,  N e w  York .

73 .  Kunt / . ,  1. D . ,  T h o m a s o n ,  J.  F. .  a nd  O s h i r o ,  C. M.  ( 1 9 8 9 )  in M e th o d s  in 

E n z y m o lo g y ,  1 7 7 ,  pp.  159 -204 :  D i s t a n c e  g e o m e t r y .

74.  C am p be l l ,  I. D. ,  Ba ron ,  M. ,  C oo ke ,  R. M. ,  B udg co n ,  T. J., Fa l l on ,  A. F.,  Harvey ,  T. S., 

&  T a p p i n ,  M.  J. ( 1 9 9 0 )  B io c h e m  P h a r m a c o l  4 0 ,  3 5 - 4 0 :  S t r u c t u r c - f u n c l i o n  

r e l a t i o n s h i p  in  e p i d e r m a l  g r o w t h  f a c t o r  ( E G F )  an d  t r a n s f o r m i n g  g r o w t h  f ac to r -  

a l p h a  (TG Fa) .



1 7 0

75.  H o m m c l ,  U.,  D ud ge o n ,  T.  J. ,  Fa l l on ,  A. ,  E d wa rd s ,  R. M. ,  & C a m p b e l l ,  I. D. ( 19 91 )  

B i o c h e m .  3 0 ,  8 8 9 1 - 8 8 9 8 :  S t r u c t u r c - f u n c t i o n  r e l a t i o n s h i p  in h u m a n  e p i d e r m a l  

g r o w t h  f a c t o r  s t ud i e d  by  s i t e -d i r e c t e d  m u t a g e n e s i s  and  N M R .

76.  T a m .  J. P. ,  L in ,  Y.  Z . ,  W u .  C.  R. ,  Shcn .  Z.  Y. ,  G a l a n t i no ,  M „  L iu ,  W. .  &  Kc,  X. H..  

( 1989 ) ,  in P ep tid es : Chemistry and  biology. Smi th ,  J. A. &  Rivi er ,  J. E. ,  Eds .  p p . 75- 

77:  S y s t e m a t i c  a p p r o a c h  to  s t u d y  t h e  s t r u c t u r c - a c t i v i t y  o f  t r a n s f o r m i n g  g r o w t h  

f ac to r  a. E s c o m ,  Le iden .

77 .  M c r r i f i c l d ,  R.  B. ,  ( 1 9 6 3 )  J. Am. Chem Soc.,  85, 2 1 4 9 - 2 1 5 4 :  S o l i d  p h a s e  

p e p t i d e  s yn th e s i s .  I. T h e  s y n t h e s i s  o f  a t c t r apc p t i dc .

78 .  S a r i n ,  V.  K. .  Ke n t ,  S. B. H. ,  T a m ,  J. P. ,  and  M cr r i f i c l d ,  R.  B.  ( 1 9 8 1 )  A n a l  

B i o c h e m . .  1 17, 1 4 7 - 1 5 7 :  Q u a n t i t a t i v e  m o n i t o r i n g  o f  s o l i d - p h a s c  p e p t i d e  

s y n t h e s i s  by  t he  n i n h y d r i n  r e a c t i o n .

79.  T a m .  J. P. .  He a th ,  W .  F „  an d  Mcr r i f i c l d ,  R.  B. ( 1 9 8 3 )  J  Am Chem Soc  105,
6 4 4 2 - 6 4 5 5 :  S n 2 d c p r o t e c t i o n  o f  sy n t he t i c  p e p t i d e s  w i th  a l ow  c o n t r a t i o n  o f  H F

in  d i m e t h y l  su l f i de :  E v i d e n c e  a n d  ap p l i c a t i o n  in p e p t i d e  syn t he s i s .

80 .  Cha i t ,  B. T .  G i s i n ,  R.  F.  and F ie ld ,  F.  H. ( 1 9 8 2 )  J Am Chem Soc. 104. 5 15 7 -  

5 1 6 2 :  F i s s i o n  f r a g m e n t  i o n i z a t i o n  m a s s  s p e c t r o m e t r y  o f  a l a m c t h i c i n  I.

81 .  M a t s u b a r a .  H.  M ethod in Enzym ology,  19, 6 4 2 - 6 5 1 :  P u r i f i c a t i o n  and  a s s ay  o f  

t h c r m o l y s i n .

82 .  N a k a g a w a ,  Y . ,  N i s h i uc h i ,  Y. ,  E m u r a ,  J. &  S a k a k ib a r a ,  S.  ( 1 9 8 1 )  in P e p t id e  

chem is try  1980  ( O k a w a ,  K. ,  E d . )  p p . 4 1 - 4 6 .  P ro t e in  R e s e a r c h  F o u n d a t i o n ,  O s a k a ,  

J a p a n .

83 .  T a m ,  J.  P.  ( 1 9 8 7 )  ln t  J. Peptide Protein Res  29,  4 2 1 - 4 3 1 :  S y n t h e s i s  o f

b i o l o g i c a l l y  a c t i ve  t r a n s f o r m i n g  g r o w t h  f a c t o r  a lpha .

84 .  M o n t c l i o n e ,  G .  T. ,  W u e t h r i c h ,  K. ,  N ice ,  E.  C. ,  Bu rges s ,  A.  W. ,  &  Sc he ra g a ,  H. A.  

( 1 9 8 7 )  Proc. Natl  Acad. Sci. U. S. A 84,  5 2 2 6 - 5 2 3 0 :  S o l u t i o n  s t r u c t u r e  o f  

m u r i n e  e p i d e r m a l  g r o w t h  f a c t o r :  D e t e r m i n a t i o n  o f  t h e  p o l y p e p t i d e  b a c k b o n e  

c h a i n - f o l d  by  n u c l e a r  m a g n e t i c  r e s o n a n c e  a nd  d i s t a n c e  g e o m e t r y .



1 7 1

85.  C o o k e ,  R.  M. ,  W i l k in s on ,  A. J.,  Ba ron ,  M. ,  Pas tor c .  A. ,  Tap p in ,  M.  J. ,  C am p b e l l .  I. 

D. ,  G r e g o r y .  H . .  & S h c a r d ,  B.  ( 1 9 8 7 )  N a t u r e  3 2 7 ,  3 3 9 - 3 4 1 :  T h e  s o l u t i o n  

s t r u c t u r e  o f  h u m a n  e p i d e r m a l  g r o w t h  f ac to r .

86 . K oh da .  D. ,  G o ,  N.,  Hay ash i ,  K. .  & I nagaki .  F. ( 1 9 8 8 )  J Biochem.  1 0 3 ,  7 4 1 - 7 43 :  

T e r t i a r y  s t r u c t u r e  o f  m o u s e  e p i d e r m a l  g r o w t h  f a c t o r  d e t e r m i n e d  b y  t w o -  

d im e n s i o n a l  N M R .

87 .  K o h d a .  D . ,  &  In a g a k i ,  F.  ( 1 9 8 8 )  J  B iochem .  1 0 3 ,  5 5 4 - 5 7 1 :  C o m p l e t e  

s e q u e n c e - s p e c i f i c  * H  n u c l e a r  m a g n e t i c  r e s o n a n c e  a s s i g n m e n t s  f o r  m o u s e  

e p i d e r m a l  g r o w t h  f ac to r .

88 . K o hd a .  D. ,  S h im a d a .  I., Mi y ak e ,  T. .  Fu w a ,  T. ,  &  Inagak i .  F. ( 19 89 )  B io ch em is try  

2 8 ,  9 5 3 - 9 5 8 :  P o l y p e p t i d e  c h a i n  fo ld  o f  h u m a n  t r a n s f o r m a i n g  g r o w t h  f a c t o r  a 

a n a l o g o u s  to  t ho s e  o f  m o u s e  an d  h u m a n  e p i d e r m a l  g r o w t h  f ac to r s  as  s t ud i e d  by 

t w o - d i m e n s i o n a l  ( * H  N M R ) .

89.  Ta p p i n .  M.  J. ,  C oo ke ,  R. M. ,  Fi t ton,  J. E..  & C am p be l l ,  I. D. ( 1989 )  Eur J  Biochem. 

1 7 9 ,  6 2 9 - 6 3 7 :  A h i g h - r c s o l u t i o n  I H - N M R  s t u d y  o f  h u m a n  t r a n s f o r m i n g  

g r o w t h  f a c t o r  a: s t r u c t u r e  a n d  p H - d c p e n d c n t  c o n f o r m a t i o n a l  i n t c r c o n v c r s i o n .

90 .  M a k i n o ,  K. ,  M o r i m o t o ,  M . ,  N i s h i ,  M. ,  S a k a m o t o .  S. ,  T a m u r a ,  A . ,  I n ook a .  H. ,  

A k a s a k a ,  K.  ( 1 9 8 7 )  Proc Natl. A cad  Sci. U S  A 84, 7841  : P r o t o n  n u c l e a r  

m a g n e t i c  r e s o n a n c e  s t u d y  o n  t h e  s o l u t i o n  c o n f o r m a t i o n  o f  h u m a n  e p i d e r m a l  

g r o w t h  f ac to r .

91 S ta tes ,  D.  J. ,  H a r b c r k o m ,  R. A. ,  &  Re u be n ,  D.  J. ( 1 9 82 )  J  Magn Resort 48, 286-  

2 9 2 :  A  t w o - d i m e n s i o n a l  n u c l e a r  O v e r h a u s e r  e x p e r i m e n t  w i t h  p u r e  a b s o r p t i o n  

p h a s e  in f o u r  q u a d r a n t s .

92 .  P ian t i n i ,  U. ,  S o re n s e n ,  O.  W. ,  &  Erns t ,  R. R. ,  ( 1 9 8 2 )  J Am Chem Soc. 1 0 4 ,  

6 8 0 0 - 6 8 0 1 :  M u l t i p l e  q u a n t u m  f i l te r s  f o r  e l u c i d a t i n g  N M R  c o u p l i n g  n e tw o r k s .

93 .  S h a k a ,  A.  J . ,  &  F r e e m a n ,  R.  ( 1 9 8 3 )  J  M a g n  R eson .  5 1 .  1 6 9 - 1 7 3 :  

S i m p l i f i c a t i o n  o f  N M R  s p e c t r a  by  f i l t r a t i on  t h r o u g h  m u l t i p l e - q u a n t u m  c o h e r e n c e .



1 7 2

94 .  B r a u n s c h w c i l c r ,  L . ,  &  E r ns t ,  R.  R.  ( 1 9 8 3 )  J M agn Resort. S i ,  5 2 1 - 5 2 8 :  

C o h e r e n c e  t r a n s f e r  by  i s o t r o p i c  m i x i n g :  A p p l i c a t i o n  t o  p r o t o n  c o r r e l a t i o n  

s p e c t r o s c o p y .

95 .  D a v i s .  D. G . ,  & B a x .  A. ( 1 9 8 5 )  J  Am. Chem. Soc.  107,  2 8 2 0 - 2 8 2 1 .  

A s s i g n m e n t  o f  c o m p l e x  1H N M R  s p e c t r a  v i a  t w o - d i m e n s i o n a l  h o m o n u c l c a r  

H a r t m a n n - H a h n  s p e c t r o s c o p y .

96.  M ac u r a ,  S. .  & E rnst ,  R.  R.  ( 1 9 8 0 )  M ol Phys.  41, 9 5 -1 1 7 :  E l u c i d a t i o n  o f  c ro s s  

r e l a x a t i o n  in l i q u i d s  by  t w o - d i m e n s i o n a l  N . M . R .  s p ec t ro sc o py .

97.  E ich ,  G. ,  B o d en h a u se n ,  G . ,  & Erns t ,  R. R. ( 1982 )  J  Am Chem Soc.  104, 37 31 -  

3 732 :  E x p l o r i n g  n u c l e a r  s p in  s y s t e m s  by  r e l a y e d  m a g n e t i z a t i o n  t r an s f e r .

98 .  W a g n e r ,  G.  ( 1 9 8 3 )  J Magn Reson.  55, 1 5 1 - 1 5 6 .  T w o - d i m e n s i o n a l  r e l a y e d  

c o h e r e n c e  t r a n s f e r  s p e c t r o s c o p y  o f  a p ro t e in .

99.  W o k a u n ,  A. ,  &  Erns t ,  R.  R. ( 1 9 7 7 )  Chem Phys Lett.  52, 4 0 7 - 4 1 2 :  S e l e c t i v e  

d e t e c t i o n  o f  m u l t i p l e  q u a n t u m  t r a n s i t i o n s  in N M R  by  t w o - d i m e n s i o n a l  

s p e c t r o s c o p y .

100.  R an ee ,  M „  &  W r i g h t .  P. E. ( 1 9 86 )  J  Magn Reson. 6 6 ,  37 2 -3 78 .

101.  Pa r d i ,  A. ,  B i l lc t c r ,  M .  &  W u c t h r i c h ,  K. ( 1 9 84 )  J  Mol Biol., 180, 7 4 1 - 7 5 1 :  

C a l i b r a t i o n  o f  t he  a n g u l a r  d e p e n d e n c e  o f  t h e  a m i d e  p r o t o n - C a  p r o t o n  c o u p l i n g  

c o n s t a n t s ,  ^ H N a .  >n a  g lo bu l a r  pro te in .

102.  W id e r ,  G . ,  L e e ,  K.  H. ,  &  W u c th r i c h ,  K. ( 1 9 8 2 )  J  Mol Biol.  155, 3 6 7 - 3 8 8 :  

S e q u e n t i a l  r e s o n a n c e  a s s i g n m e n t s  in p r o t e i n  n u c l e a r  m a g n e t i c  r e s o n a n c e  

s p e c t r a  - G l u c a g o n  b o u n d  t o  p c r d c u t c r a t c d  D o d c c y l p h o s p h o c h o l i n c  m i ce l l e s .

103.  K u m a r ,  A. ,  W a g n e r ,  G . ,  E rns t ,  R.  R. ,  and  W uc th r i c h ,  K. ( 1 9 8 1 )  J. Am, Chem  

S o c .  1 0 3 ,  3 6 5 4 - 3 6 5 8 :  B u i l d u p  r a t e s  o f  t h e  n u c l e a r  O v e r h a u s e r  e f f e c t  m e a s u r e d  

by  t w o - d i m e n s i o n a l  p r o t o n  m a g n e t i c  r e s o n a n c e  s p e c t r o s c o p y :  I m p l i c a t i o n  for  

s t u d i e s  o f  p r o t e in  c o n f o r m a t i o n .

104.  Bax ,  A.  ( 1 9 8 9 )  Annu. Rev Biochem.  58, 2 2 3 - 2 5 6 :  T w o - d i m e n s i o n a l  N M R  

a n d  p r o t e i n  s t r u c tu r e .



1 7 3

105.  Ba su s ,  V. J. ( 1 9 8 9 )  in M ethods in Enzym ology,  177 , pp.  132 -14 9 :  P ro to n  

n u c l e a r  m a g n e t i c  r e s o n a n c e  a s s i g n m e n t s .

106.  M u e l l e r ,  L u c i a n o  (1 9 8 7 )  J. Magn R e s o n .12,  191-196 .  P. E. C O S Y ,  a s imp le  

a l t e rna t i ve  to  E. C O S Y .

107.  Pond e r .  J. W „  &  R icha rds ,  F. M.  (1 98 7 )  J  M ol Biol 193. 775 -7 91 .

108. R ees ,  D. J. G. ,  Jones ,  I. M. ,  Hand fo rd ,  P. A. ,  Wa l t e r ,  S. J. ,  Esnou f ,  M.  P.,  Smi th ,  K.

J . .  &  B r o w n l e e ,  G .  G .  ( 1 9 8 8 )  E M B O  J  7 .  2 0 5 3 - 2 0 6 1 :  T h e  ro l e  o f  (i-

h y d r o x y a s p a r t a t c  a n d  a d j a c e n t  c a r b o x y l a t c  r e s i d u e s  in t h e  f i rs t  E G F  d o m a i n  o f  

h u m a n  f a c t o r  IX.

109.  M on t c l i o n c ,  G.  T. ,  W u c th r i c h ,  K.,  B u rg es s ,  A.  W. ,  N ic e ,  E. C. ,  W a g n e r ,  G. ,  

G i b s o n ,  K. D. ,  and S c h c r a g a ,  H. A.  ( 1 9 9 2 )  B io c h e m is t r y , 3 1 , 2 3 6 - 2 4 9 :  S o l u t i o n  

s t r u c t u r e  o f  m u r i n e  e p i d e r m a l  g r o w t h  f a c to r  d e t e r m i n e d  by  N M R  s p e c t r o s c o p y  

a n d  r e f i n e d  by e n e r g y  m i n i m i z a t i o n  w i th  r e s t r a i n t s .

110.  S c l a n d c r - S u n n c r h a g c n ,  M. ,  U l lnc r ,  M. ,  P c r s s on ,  E. ,  T c l c m a n ,  O. ,  S t e n f lo ,  J., 
an d  D r a k e n b e r g ,  T.  ( 1 9 9 2 )  J  Biol Chem. 267, 1 9 6 4 2 - 1 9 6 4 9 :  H o w  an e p i d e r m a l  

g r o w t h  f ac to r  ( E G F ) - l i k c  d o m a i n  b in ds  ca l c iu m .

111.  L in sc ,  S. ,  B ro d in ,  P. ,  J o h a n s s o n ,  C ,  Th u l i n ,  E. ,  G r u n d s t r o m ,  T.  &  F o r s c n ,  S. 

( 1 9 9 1 )  N a tu r e ,  351, 164 -1 67 :  K ey  r e s i d u e s  i n v o l v e d  in c a l c i u m - b i n d i n g  m o t i f s  

in E G F - l i kc  do ma in s .

112.  H u a n g ,  L.  H. ,  C h e n g ,  H. ,  Pa rd i ,  A. ,  tarn,  J. P. ,  &  S w e e n e y ,  W.  V.  ( 1 9 9 1 )  

B i o c h e m i s t r y ,  3 0 ,  7 4 0 2 - 7 4 0 9 :  S e q u e n c e - s p e c i f i c  1H N M R  a s s i g n m e n t s ,

s e c o n d a r y  s t r u c t u r e ,  a n d  l o c a t i o n  o f  t h e  c a l c i u m  b i n d i n g  s i t e  in t h e  f i rst  

e p id e r m a l  g r o w th  f ac to r  l ike d o m a i n  o f  b lo o d  c oa g u l a t i o n  f a c t o r  IX.

113.  C a m p b e l l ,  I. D „  D obs on ,  C.  M. ,  &  Wi l l i ams ,  R.  J. P.  ( 19 75 )  Proc R Soc London A 

345 ,  2 3 - 4 0 .

114.  B u n d i ,  A . .  &  W u c t h r i c h ,  K.  ( 1 9 7 9 )  B i o p o l y m e r s  18, 2 8 5 - 2 9 8 :  1H - N M R 

p a r a m e t e r s  o f  t he  c o m m o n  a m i n o  ac id  r e s id u e s  m e a s u r e d  in a q u e o u s  so l u t i o n  o f  

t he  l i n ea r  t c t r a p c p t i d c s  H - G l y - G l y - X - L - A l a - O H .



1 7 4

115.  Pa rd i .  A. .  W a g n e r ,  G „  &  W u c th r i c h .  K. ( 1 9 8 3 )  Eur J  Biochem.  137, 44 5 -  

4 5 4 :  P r o t e i n  c o n f o r m a t i o n  a n d  p r o t o n  n u c l c a r - m a g n c t i c - r c s o n a n c c  c h e m i c a l  

s h i f t s .


