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Abstract 

The  fourth  EGF-like  domain  of  thrombomodulin  (TM4), residues E346-F389 in the  TM  sequence,  has been 
synthesized.  Refolding of the  synthetic  product  under  redox  conditions gave  a single major  product.  The disulfide 
bonding  pattern  of  the  folded, oxidized domain was (1-3, 2-4, 5-6), which  is the  same  as  that  found in EGF 
protein.  TM4 was  tested for  TM  anticoagulant activity  because  deletion and  substitution mutagenesis experiments 
have shown  that  the  fourth  EGF-like  domain of TM is essential for  TM  cofactor activity. TM4 showed no TM-like 
activity in two  assay  systems,  both  for  inhibition  of  fibrin  clot  formation,  and  for  cofactor activity in thrombin 
activation of protein  C. 

A preliminary  structure  of  TM4 was determined by 2D  'H  NMR  from 519 NOE-derived  distance  constraints. 
Distance  geometry  calculations yielded a single convergent structure.  The  structure resembles the  structure of EGF 
and  other  known  EGF-like  domains  but  has  some key differences.  The  central  two-stranded &sheet is conserved 
despite  the  differences in the  number  of  amino  acids in the  loops.  The  C-terminal  loop  formed by the  disulfide 
bond between C372  and  C386 in TM4 is five amino  acids  longer  than  the  analogous  loop between C33  and  C42 
of EGF protein.  This  loop  appears  to  have a different  fold in TM4  than in EGF  protein.  The  loop  forms  the  two 
outside  strands  of a broken, irregular tri-stranded (3-sheet, and  amino acids H384-F389 lie between the  two strands 
forming  the  middle  strand  of  the  sheet.  Thus,  although  the  C-terminus of EGF  protein  forms  one  of  the  outside 
strands of  a  tri-stranded  antiparallel  sheet,  the  C-terminus  of TM4  forms  the inside strand of an irregular  tri-stranded 
parallel-antiparallel  sheet.  The residues D349, E357, and  E374, which  were shown to be critical  for  cofactor 
activity by alanine  scanning  mutagenesis, all lie in  a patch  near  the  C-terminal  loop,  and  are solvent  accessible. 
The  other  critical  residues, Y358 and F376, are largely buried  and  appear  to play  essential structural  rather  than 
functional roles. 
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Thrombomodulin  (TM) is an  endothelial cell surface  glycopro- 
tein that  binds  tightly  to  thrombin.  TM  has a direct  anticoagu- 
lant  effect by inhibiting  the  thrombin cleavage of  fibrinogen to  
form a fibrin  clot.  More  importantly,  TM is the essential co- 
factor  that  promotes  thrombin cleavage of  protein C (Esmon, 
1989). Activated  protein C inactivates  factors Va and  VIIIa  and 
thus  shuts  down  coagulation  and  maintains  hemostasis. 

Although  TM is a  70-kDa membrane-bound  protein,  the frag- 
ment  of  TM  comprised of only  EGF-like  domains  four  and five 
has  almost full TM  anticoagulant activity (Hayashi et al., 1990; 
White et  al., 1995). The fifth domain is the major site  of throm- 
bin binding  and is a potent  inhibitor  of  fibrin  clot  formation, 
but it is devoid  of  cofactor  activity  (Hunter & Komives, 1995). 
Thus,  the  fourth  EGF-like  domain  of  TM is required  for  cofac- 
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tor activity (Lentz et al., 1993; Nagashima et al., 1993). The 
fragment  of  TM  comprised  of  the  fourth  and  fifth  EGF-like 
domains  binds  to  thrombin with an  apparent Kd of 25 nM, 
whereas  the  fifth  domain  alone  binds  thrombin with  a Kd of 
2 pM. Because the fragment  containing the  fourth  domain binds 
much  more tightly to  thrombin,  it seems likely that  the  fourth 
domain  does interact directly with thrombin  (Hunter &Komives, 
1995; White  et  al., 1995). Whether  the  fourth  domain  alone 
binds to  thrombin  has  not been determined. 

The  structures of EGF  (Montelione et al., 1987; Hommel 
et al., 1992), TGFa  (Moy et  al., 1993), the  N-terminal  EGF  do- 
main  (EGFI)  of  coagulation  factor IX (Baron  et al., 1992), and 
EGFI  of  coagulation  factor X (Selander-Sunnerhagen  et  al., 
1992) have been determined by NMR  spectroscopy.  The  struc- 
tures  of  the  EGF  domain  from E-selectin (Graves  et  al., 1994) 
and  the  EGFI  and  EGFII  domain  from  coagulation  factor X 
(Padmanabhan  et  al., 1993) have  been determined by X-ray 
crystallography.  Despite  the divergence  of sequence  and  func- 
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tion, all of the  EGF-like  domains listed have the  same  disulfide 
bonding  pattern, with bonds between the first and  third cys- 
teines,  the  second  and  fourth cysteines, and  the  fifth  and sixth 
cysteines (Savage et al., 1973; Hojrup & Magnusson, 1987; Hu- 
ang et al., 1991). The structures  of the aforementioned  EGF-like 
domains  are all similar  (Campbell & Bork, 1993 and references 
therein).  The  main  structural motif is a two-stranded  antipar- 
allel P-sheet, the  midpoint  of which is near the  third  and  fourth 
cysteines. The  amino  acids between the  third  and  fourth cys- 
teines form a major  loop  at  one end  of  the @-sheet and  the  amino 
acids between the  fifth  and sixth  cysteines form a major loop 
at  the  other  end  of  the  sheet.  The  short  loop between the sec- 
ond  and  third cysteines lies close to  the  major  C-terminal  loop. 
In general,  the  N-terminus  and  the  C-terminus  are  quite flexi- 
ble. How  these  structural  features  function in the  protein- 
protein  interactions  and  calcium  binding of  these different 
domains is just beginning to be understood. 

A comparison of the sequences  of  various EGF-like  domains 
shows  that  the  number  of  amino  acids between the cysteines  is 
somewhat  variable.  TM4  and  EGFll  from  coagulation  factor 
X have  similar  numbers  of  amino  acids between the cysteines, 
but they differ  from  the  other  EGF-like  domains  for which 
structures  are  known.  The  loop between the second and  third 
cysteines is three  amino  acids  shorter in TM4  and  two  amino 
acids shorter in factor X EGFII  than in the  other  domains. Even 
more striking is the five-amino acid insertion in the  loop between 
the  fifth  and sixth  cysteines of  TM4.  The  factor X EGFII  has 
a four-amino  acid  insertion in this  same  loop,  and it has been 
reported  to have  a structure  that is similar to EGF. The  fifth 
EGF-like  domain  of TM has a three-amino acid insertion,  but 
the  C-terminal  loop  of  this  domain  also  adopts a  classic EGF- 
like  tri-stranded  antiparallel @-sheet structure when bound  to 
thrombin (Srinivasan et al., 1994). Thus, despite the  differences 
in lengths of the  loops,  the  structures of all the  EGF-like  do- 
mains  determined so far  are  similar. 

The  experiments  presented  here were  designed to probe  both 
the  function  and  the  structure of the  fourth  EGF-like  domain 
of TM. Because deletion of the  fourth  domain  abolishes  TM 
cofactor  activity, it  seemed important  to  establish  whether  the 
fourth  domain by itself would  have cofactor  activity. Knowl- 
edge  of  the  structure of TM4  would resolve the  question  of 
whether  the  amino  acids  shown  to be essential by alanine  scan- 
ning mutagenesis play a structural  or  functional  role.  Finally, 
it was  of interest  to  determine  the  structural  affects of the five- 
amino  acid  insertion in the  C-terminal  loop of TM4. 

Results 

Synthesis  and disuvide  bond  formation  in TM4 

Initial  attempts  to synthesize the  44-amino  acid  TM4  peptide 
resulted in poor overall yields and no isolable product of the cor- 
rect molecular weight.  Use of  hydroxyazabenzotriazole in place 
of hydroxybenzotriazole  as the activator  as well as use of  the pre- 
activated  pentafluorophenyl  esters resulted in much improved 
yields. HPLC purification  of  the  reduced,  crude  peptide  gave 
one  major  product  that was shown  to  have  the  correct  molecu- 
lar weight (5,073 g/mol).  The  purified, reduced peptide was then 
oxidized  in  a mixture  of reduced and oxidized glutathione  af- 
fording  one  major  product  (Fig. 1). The  amino  acid  sequence 
of  the  domain is given  in Table 1 with the residues of  the syn- 
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Fig. 1. Reverse-phase HPLC purification of the oxidized TM4  peptide. 
The  oxidized,  folded  product was isolated by loading  the  oxidation so- 
lution in two  500-mL  portions  onto  an HPLC column  directly  through 
the “A”  buffer pump. The column was a  Waters  DeltaPak C18 column 
(19 X 300 mm) and  the  gradient  consisted of 0.1 % TFA  to 50% aceto- 
nitrile over l h. The  major  product eluted approximately 8 min after  the 
gradient was held at 30% acetonitrile. 

thetic domain numbered 1-44. The corresponding residue num- 
bers (346-389) from full-length human  TM  are  also given (Wen 
et al., 1987). 

The  partial  reduction  technique  of  Gray  (1993a,b)  was used 
to  map the  disulfide bonds in TM4.  This  procedure involves the 
partial  reduction  of  the  peptide  at low pH with Tris-carboxy- 
ethylphosphine.  Partially reduced  peptides are  then  purified, 
alkylated,  and  repurified. In the case of TM4, all eight possible 
partially reduced peptides were isolated and purified. N-terminal 
sequence analysis  of the  alkylated peptides  gave the  disulfide 
bonding  pattern (1-3,2-4, 5-6), which is the  same as that  found 
in the EGF protein  (Fig. 2) .  Confirmation of the  disulfide bonds 
was also obtained  from do$ NOE crosspeaks that were observed 
between  residues  6 and 15, 1 1  and 25, and 27 and 41. 

Activities  of TM4 

TM  has been shown to have  two  anticoagulant activities. TM 
directly  inhibits thrombin cleavage of fibrinogen,  thus prevent- 
ing clot formation.  TM  also  acts as  a cofactor  for  thrombin, 
stimulating  the  thrombin cleavage  of protein C,  which subse- 
quently  shuts  down  the  coagulation  pathway.  TM4 was assayed 
for  both direct anticoagulant activity and  TM  cofactor activity. 
No significant  inhibition of clot formation was observed at  TM4 
concentrations  up  to 175 pM.  TM4 was  assayed both  as  an in- 
hibitor of TM  cofactor activity  in the  protein C activation as- 
say,  and  as a replacement  for  TM in this assay.  Inhibition of 
TM  cofactor  activity was used as a  second measure of whether 
TM4  could  bind  to  thrombin,  but no inhibition was observed 
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Fig. 2.  Reverse-phase HPLC  separation  of  the  products of  partial 
reduction  of  TM4  by  TCEP.  The  first  peak  observed  represented  pep- 
tide  that  remained  fully  oxidized  and  eluted  approximately 10 min af- 
ter  the  start  of  the  extended  gradient  from 10% to  40%  acetonitrile. 
All eight  possible  partial  reduction  products were isolated  and  the  se- 
quences  of  two  peaks  were  determined by N-terminal  sequence.  In  the 
sequence  data,  acetamidylated  cysteines  elute as glutamic  acid,  and cys- 
tines are  absent  from  the  analysis.  Peaks  2  and 3 gave  sufficient  data 
to establish  the  disulfide  bonding  pattern  as (1-3,  2-4, 5-6). The N-ter- 
minal  sequence of peak #2 was EPVDP-FRAN-EYQ-QPLNQTSYL 
V"E"AEGFAPIPHEPHR"E"end, and  the  N-terminal sequence of peak 
#3 was: EPVDP"E"FRAN-EYQE"QPLNQT-YL-end. 

at  concentrations  up  to 350 pM.  Finally,  assays in which TM4 
replaced TM were performed  to  determine whether the isolated 
TM4  domain  might  have  cofactor  activity.  No  cofactor  activ- 
ity  was detectable  up  to  concentrations  of 350 pM. 

Structure calculations 

Nearly complete  spin system identifications for  the nonlabile hy- 
drogen  atoms in TM4 were obtained  and  are listed  in Table  1. 
In  addition, labile side-chain proton resonance  assignments were 
obtained  for  R8,  N10,  416,  N19,  R40,  and  442  and  are  also 
listed  in Table 1. An  example  of  the  sequential  connectivities 
from  C6  to  416  and  from L18 to  A32 is shown  on a plot  of  the 
fingerprint region of  the 300-ms jump-return NOESY spectrum 
in Figure 3. An  initial set of  structures  was  calculated  from 273 
distance  constraints  derived  from  NOEs  observed  in a jump- 
return  NOESY  data set  collected in HzO, which could be as- 
signed  solely and  unambiguously  on  the basis of  resonance 
frequency. Of  the 50 calculated  structures, the  structure with the 
smallest  RMS  deviation  (RMSD)  to  the  average  structure  was 
then used as a model  to resolve ambiguities  in  the  assignments 
of  the  NOEs.  Additional  constraints  from  the  jump-return 
NOESY  data  sets  and  constraints  created  from  loo-, 200-, and 
300-ms NOESY  data  sets collected in D 2 0  were  assigned itera- 
tively over the course of several rounds of structure calculations. 

1685 

A total  of 519 NOE-based  distance  constraints was used for  the 
final  calculation.  These  consisted of 192 intraresidue, 117 se- 
quential, 21 medium-range (less than five  residues apart),  and 
190 long-range (five or more residues apart)  restraints  (Wuth- 
rich, 1986). A final set of 50 embedded  structures was calculated 
starting  from  the  TM4  structure  modeled  on  the  EGF  protein 
using these 519 distance  constraints. 

A residue versus residue  plot  of  the  final set of  NOE-based 
constraints is shown in  Figure 4.  Two regions  of apparent &sheet 
can  be  discerned,  one  in  the  N-terminal  half  of  the molecule 
from  residues 14 to  26 with  a turn  at residues 19-21, and  the 
other in the  C-terminal half of  the molecule from residues 26 to 
40 with turns  at  residues 29-30 and 38-39. In  particular, d N N ,  
d N ,  , and/or d,, crosspeaks were observed in the  N-terminal 
half of the molecule between residues 14 and 26, residues 15 and 
25, residues 15 and  26, residues 16 and  26, residues 17 and  24, 
residues 18 and  23,  residues 18 and  24,  and residues 19  and 23 
(Fig. 5) .  Slowly exchanging  amide  protons were observed  for 
residues 16, 18,  24, and 26, and  moderately slowly exchanging 
amide  protons were observed  for residues 14, 15,  23, and 25. 
These  data were consistent with the presence of  the  central  two- 
stranded  antiparallel @-sheet as  has been found in other  known 
EGF-like  domains.  In  the  C-terminal half of  the molecule, dNN, 
dNa , and/or d,, crosspeaks between  residues 26 and  39,  and 
residues 27 and  40 were observed.  The  amide  proton  for resi- 
due  number 40 was observed to be slowly exchanging, and  mod- 
erately slowly exchanging  amide  protons were  observed for 
residues 27 and 39. These  data suggest  a short region  in  which 
the  two  &strands  run  parallel.  In  addition, dNN, d N ,  , and/or 
d,, crosspeaks were observed between residues 31 and  43, res- 
idues 31 and 44, residues 32 and  42, residues 32 and  43, residues 
32 and  44, residues  33 and  42, residues 34 and  41,  and resi- 
dues 34 and  42,  indicating a  region of  antiparallel @-sheet  be- 
tween  residues 31 and  34,  and residues 41 and 44. Moderately 
slowly exchanging  amide  protons were  observed for  residues 
34 and  44,  supporting  the presence of this  region of  antiparal- 
lel &sheet. 

The  overall  fold  of  the  structures  produced  during  later 
rounds of  calculations did  not  differ substantially from  the  fold 
of  the  structures  generated by the  first  round  of  calculations, 
but  the  additional  constraints  improved  the  convergence  of  the 
calculated  structures, especially the side-chain positions. Of the 
50 final  calculated  structures, 41 exhibited a DGII  error  func- 
tion value less than 0.5 after  the  simulated  annealing  phase  of 
optimization  and were  selected for  further  analysis.  The  DGII 
structures were then energy minimized in three steps in Discover, 
with  2  of the 41 structures  discarded  prior  to  minimization  due 
to excessively high starting energies. The 39 minimized structures 
were then  subjected  to a final  phase  of  X-PLOR-based  refine- 
ment  consisting  of  one  round  of  simulated  annealing  followed 
by energy minimization.  The  structures  generated by the  two 
refinement  procedures  had  identical  folds,  and  the  majority  of 
the  structures  had  no  NOE  violations  above 0.35 A. The  struc- 
tures resulting from  both  refinement  procedures  superimposed 
with similar  RMSDs to  the  average.  The Discover refinement 
produced  structures in  which the  nonbonded  interactions were 
minimized,  but  bond angles and  lengths  differed  significantly 
from  ideality  as assessed by the  initial energy evaluation in 
X-PLOR.  The  X-PLOR  refinement  produced  structures  that 
had slightly higher energies associated  with  nonbonded  inter- 
actions,  but  that  also  exhibited  bond  angles  and  lengths  much 
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Table 1. 'H NMR chemical shifts for TM4 at p H  5.2 and 25 "C 
- 
" 

~ 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
~ 

~ 

_ _ _ ~  
346 
347 
348 
349 
350 
35 1 
352 
353 
354 
355 
356 
357 
358 
359 
360 
361 
362 
363 
364 
365 
366 
367 
368 
369 
370 
37 1 
372 
373 
374 
375 
376 
377 
378 
3 79 
380 
38 1 
382 
383 
384 
385 
386 
387 
388 
389 

In TM4 In TM 
~ 

Residuea 
Chemical shiff 

indexb 
____ . 

Glu 0 
Pro  
Val 

-1 
0 

ASP 1 
Pro 0 
CYS 
P he 

-1 
-1 

'4% 
Ala 

- I  
- I  

Asn - 1  
CYS 0 
Glu -1 
TYr 1 
Gln 0 
CYS 1 
Cln 1 
Pro 0 
Leu 1 
Asn - 1  
Gln 
Thr 

-1 
1 

Ser 1 
TYr 1 
Leu 1 
CYS 1 

CYS 1 
Ala - 1  
Glu 
GlY 

- I  
1 

Phe 1 
Ala 1 
Pro 1 
lle 0 
Pro I 
His 0 
Glu 1 
Pro 0 
His 1 
'4% 1 
CYS I 
Cln 1 
Met 
Phe 

- 1  
-1 

Val 1 

HN 
____ 

c - 
- 

8.27 
8.20 

8.40 
7.77 
8.04 
6.93 
8.02 
7.64 
8.82 
9.02 
7.30 
8.65 
9.5 1 

- 

8.62 
8.20 
8.59 
8.25 
7.96 
8.10 
9.15 
8.95 
8.81 
8.93 
7.69 
8.18 
8.88 
8.43 
9.19 

- 

7.63 
- 

8.16 
7.70 

- 

- 

8.70 
8.41 
8.42 
9.39 
8.70 
7.62 

HCY 
~. ~~~ 

4.26 
4.27 
3.99 
4.87 
4.40 
4.02 
4.28 
3.98 
3.79 
4.53 
4.69 
3.94 
4.83 
4.41 
5.16 
5.06 
4.50 
4.49 
4.47 
4.14 
4.60 
4.91 
5.19 
4.64 
5.64 
4.60 
4.78 
3.67 
4.12 
3.39, 4.11 
4.98 
4.85 
5.07 
4.01 
4.75 
4.58 
4.79 
4.50 
4.80 
4.79 
5.24 
4.92 
3.72 
4.36 

HP 

1.99, 2.08 
1.81, 2.23 
1.99 
2.60,  2.69 
2.37d 
2.90, 3.15 
3.02, 3.29 
1.51,  1.83 
0.74 
2.64, 2.74 
2.21, 3.58 
1.90, 2.33 
2.95, 3.67 
1.51, 1.83 
2.81* 
1.96, 2.17 
2.21d 
1 .36d 
3.17, 3.27 
2.4gd 
4.43 
3.66, 3.79 
2.44, 3.02 
1.42, 1.72 
2.82,  3.69 
2.15 
2.47, 3.02 
0.61 
1.92,  2.30 

__ - 

2.48, 3.26 
1.34 
2.46d 
1.85 
2.1Od 
3.30, 3.41 
1.67, 1.85 
1.89, 2.28 
3.33d 
1.66, 1.92 
2.74, 2.89 
I .93, 2.08 
1.50, 1.68 
2.87d 

Others 
~~~ ~~ 

yCH2 2.37d 
yCH2  1.9Id;  6CH2 3.47, 3.62 
yCH3 0.90d 

yCH2  1.90d;  6CH2 3.88, 4.01 

2,6H  7.24;  3,5H  7.31; 4H- 
yCH2 1.03, 1.14;  6CH2  2.98d;  cNH  7.09 

~ ~~ 

NH2  6.46,  7.26 

yCH2 2.15d 
2,6H 6.99; 3,5H 6.61 
yCH2  1.75d;  NH2- 

yCH2 2.26d;  NH2  6.80,  7.32 
yCH2  2.04d;  6CH2 3.87d 
yCH 1.41;  6CH3  0.78d 
NH2  6.89,  7.66 
yCH2  2.22d;  NH2- 
yCH3 1.43 

2,6H 6.73; 3,5H  6.68 
yCH 1.49; 6CH3  0.85,  0.95 

yCH3  0.84,  0.96 

yCH2 2.00d 

2,6H  6.75;  3,5H 7.23; 4H  7.10 

yCH2  1.73d;  6CH2  3.59, 3.81 
yCH2 and yCH3 0.75; bCH3  0.82 
yCH2  1.7gd;  6CH2 3.64, 4.07 
2H 7.15; 4H 8.35 

yCH2 2.01d 
2H 7.06; 4H 8.26 
yCH2 1.14,  1.29  6CH2  3.07, 3.15; tH  7.25 

yCH2  2.25d; NH2  6.81.7.45 
yCH2  1.93d;  cCH3 - 
2,6H  7.09;  3,4,5H- 

a Numbers of the  residues are given in  the  left  column  for  the  individual TM4 domain.  Numbers of the residues  within  the  whole  thrombo- 
modulin  molecule are given in the  right  column for reference. 

The chemical  shift  index  was  determined by the  method of Wishart  et  al. (1992). 
- Indicates  that  the  resonance  could  not  be  assigned or was not  observed. 
Protons  with  degenerate  chemical  shifts. 

closer  to  ideality  (Table 2). The  structures  refined  in Discover structures.  The  backbone  RMSD  for these 12 best structures  af- 
had  large energies associated  with  improper  torsion angles and ter  the  X-PLOR  refinement was 1.93 A and  the  RMSD  for all 
these were minimized to much lower values by X-PLOR. Twenty heavy atoms was 2.46 A. The five N-terminal residues  were not 
of the 39 structures refined  in X-PLOR  had  no NOE violations well constrained by the  NMR  data. Removal of these  residues 
greater  than 0.35 A. Twelve of  these  structures  had energies from  the  RMSD calculations  resulted  in a backbone  atom  RMSD 
less than 120 kcal.mol-'  and these were collected as the 12 best of 1.21 A and an RMSD  for  all heavy atoms of 1.81 A. A ste- 
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Fig. 3. Fingerprint  region of the 300-rns jump-return  NOESY  spectrum of TM4.  The  sequential  connectivities  are  shown  for 
residues  C6-QI6  and  for  residues L18-A32. The  sequence of the  peptide  throughout  this  stretch is CFRANCEYQCQPLN 
QTSYLCVCAEGFA. 

reo view of these 12 best structures  superimposed on  the  back- 
bone  atoms using the  program developed by Diamond (1992) 
is shown in Figure 6 and  Kinemage  1. 

Discussion 

Activity of TM4 

TM4  showed no activity  in  either  assay system in which it  was 
tested.  This  was a surprising  result because the  peptide  corre- 
sponding  to C27-F44 (residues C372-F389 of the TM sequence) 
was an  inhibitor of thrombin  clotting  of  fibrinogen  that  dou- 
bled the  clotting  time  at a concentration  of 550 pM (Lougheed 
et  al., 1995). Although  the  C-terminal  loop  peptide was a fairly 
weak inhibitor, it was  surprising  that  the presence  of the rest of 
the domain diminished the observed  inhibition. We d o  not  know 
whether  the  conformation  of  the  loop  alone  differs  from  its 
conformation  within  the  whole  domain.  It is  possible that  the 
observed  inhibition by the  peptide resulted from  nonspecific 
hydrophobic interactions. Because the  fourth  domain is required 
for  TM  cofactor  activity, it  was also  surprising  that  the isolated 
domain  did  not  show  any  cofactor  activity, even at  very high 

concentrations.  TM is active at  a concentration  of 0.1 pM, 
whereas  the  domain  showed no activity at  concentrations  up 
to 350 pM. In other  experiments,  TM4 was mixed with  a pep- 
tide  corresponding to  the  fifth  domain  of  TM  and  no  cofactor 
activity was observed for the  mixture. The two-domain fragment 
comprised  of  the  fourth  and  fifth  domains  binds to thrombin 
200-fold more tightly than  the  fifth  domain  alone, suggesting 
that  the  fourth  domain is capable of binding to  thrombin in the 
context  of  this  two-domain  fragment  (White et al., 1995). 

Comparison of the  fourth  andfifth domains of TM 

The fingerprint  region  of the NOESY spectrum of TM4 showed 
good dispersion  of the daN crosspeaks with narrow line widths, 
indicating  that  TM4 is a  well-structured  molecule.  These  results 
were in  sharp  contrast  to  those  observed for the  fifth  domain 
of  TM, which exhibits  both a significant  amount  of  spectral 
overlap  and  rather  broad line widths  in  the  fingerprint region 
(M. Hunter,  unpubl.).  The  fifth  domain  also  appears  to  toler- 
ate  different  disulfide-bonding  patterns  and  the isomer  with the 
highest thrombin-binding  affinity is non-EGF-like  (Hunter & 
Komives, 1995). Thus,  it is interesting to speculate  on  the roles 
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nism (Srinivasan et al., 1994). The  fourth  domain, which is re- 
fifth  domain  may  bind  to  thrombin by an induced fit mecha- 
comes structured  upon binding to  thrombin, suggesting that  the . . . . I . . . . I . . . . I . . . . I ~ ~ . ~  

structure  but  does  not  bind  to  thrombin. Based on  the  appar- 
ent rigidity of the  fourth  domain, it seems unlikely that its struc- 
ture would change when connected to  the fifth domain.  The fifth 
domain  may  open  up a binding site for  the  fourth  domain  on 
thrombin.  The  observation  that  cofactor activity  correlates with 

supports  this  hypothesis  (Ye  et  al., 1991), but  the  fact  that  no 
cofactor activity is observed from mixtures of  the  two  domains 
suggests that  the  fourth  domain  cannot  bind if it is not  con- 

tion  that  could be offered by the  structure  of  the  TM  fragment 
containing  both  the  fourth  and  fifth  EGF-like  domains, which 
is in progress. 

40 - - quired  for  cofactor  activity,  appears  to  adopt a well-defined 
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Residue number Preliminary structure of TM4 

Fig. 4. Survey  of  the  NOE-derived  distance  constraints  for TM4 in TM4  formed a single major  product  upon  oxidative  refold- 
H 2 0  at  pH 5.2 and 25 "C.  Each  axis is labeled  with  the  amino  acid  se- ing in the presence of glutathione.  This  product,  presumably 

resonances are  shown  on  the  top of the  diagonal (W), and  the  NOEs  in- 37 of  the expected duN crosspeaks were  present and well dis- 
volving main  chain-to-side  chain  resonances (H) and side  chain-to-side persed, indicating a high degree of structure  the  domain, 
chain  resonances (0) are shown on  the  bottom  of  the  diagonal. Regions In addition, the total number of NOE cross peaks was large, 
of antiparallel &sheet are indicated  by  shaded  bars  at  the  bottom of the 
graph  and  regions of parallel are indicated by striped  bars. resulting in preliminary structure calculations utilizing 1 1.8 NOE- 

based  distance  constraints per residue, or 12.6 NOE-based dis- 
tance  constraints per  residue if the  N-terminal five residues and 

of  each  of these essential EGF-like domains in the thrombin-TM NOEs involving  these  residues  were ignored.  The  structure  cal- 
interaction.  The  fifth  domain is not well structured  but  binds  culations gave a well-converged family  of structures despite the 
tightly to  thrombin.  Transferred  NOE studies  of the  C-terminal absence  of  dihedral  angle  constraints, stereospecific assignments, 
loop  of  the  fifth  domain  show  that  this  part  of  the  domain be- and  hydrogen  bond  constraints. 

Fig. 5. Schematic  diagram of the  P-sheets  found  in  TM4.  NOE  connectivities  are  depicted by double-ended  arrows  with  dar- 
ker  arrows  indicating  strong NOEs. Slowly exchanging  protons  are  circled.  The  amide-to-carbonyl  distances  that were measured 
to  be  close  enough  to  be  hydrogen  bonded  are  shown  with  dashed  lines. Very few constraints  were  observed  to  the  a-proton 
of R40 due  to  the  fact  that  this  proton  was  nearly  on  resonance  with  the  water  signal. 
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Table 2. Statistical information for  TM4 structures at various stages of refinement 

After  After  After 
Statistic DGII Discover X-PLOR 

Number of structures 
Avg. error  functiona 

Highest 
Lowest 

Avg. energy (kcal.mo1-') 
Avg. number of NOE violations per structure >0.3 A 

Highest 
Lowest 

Avg. RMSDb (A) backbone  atoms 
Avg. RMSD (A) heavy atoms 
Avg. RMSD (A) N-terminal subdomain backbone atoms 
Avg. RMSD (A) N-terminal subdomain heavy atoms 
Avg. RMSD (A) C-terminal subdomain backbone atoms 
Avg. RMSD (A) C-terminal subdomain heavy atoms 
Avg. RMSD (") from ideal bond angles 
Avg. RMSD from (A) ideal bond lengths 
Avg. RMSD (") from ideal impropers 
Avg. RMSD (A) for NOE constraints 

~ 

a The error  function is a parameter evaluated during  the DGII calculations and was therefore not determined for the mini- 

All RMSDs were calculated relative to the mean coordinates using the best superposition program developed by Diamond 

- 

mized structures. Energies were evaluated using the Discover software. 

(1992) and did not include the five disordered N-terminal residues. 

41 
0.26 
0.45 
0.15 

5,560 
0.46 
1 
0 
1.33 
1.94 
0.91 
1.54 
0.96 
1.68 
- 

- 
- 

- 

______ 

39 35 
N/A N/A 
N/A N/A 
N/A N/A 

284  123 
1.9  1.2 
4  4 
0 0 
1.70  1.40 
2.38  1.99 
1.17  1.40 
1.88 1.76 
1.10 ' 0.91 
1.87  1.53 
- 0.691 f 0.034 
- 0.0027 k 0.0003 
- 0.264 + 0.049 
- 0.031 k 0.005 

12 best 
structures 

12 
N/A 
N/A 
N/A 

112 
0.75 
3 
0 
1.21 
1.81 
0.97 
1.66 
0.87 
1.47 

0.679 k 0.009 
0.0026 + 0.0001 
0.244 k 0.017 
0.026 + 0.002 

_______ 

The overall architecture of TM4 is similar to  that observed a region of @-sheet in the N-terminus from  amino acids C13 to 
fer other EGF-like domains.  The central portion of the mol- L18 and from T21 to C27 (Wishart et al., 1992). The N-terminus 
ecule, from residues  14 to 26, forms  a two-stranded @-sheet, and of TM4  contains  a loop between residues 4 and 11, which  is dif- 
the  stretch  of amino acids between  19 and 21 forms a @-hairpin ferent from the helical segment observed in EGF protein (Hom- 
of similar structure to  that observed in other EGF-like domains me1 et al., 1992). This  loop  appears to  form because of a close 
(Fig.  7; Kinemage 2). Confirmation of the presence of @ struc- interaction between residues D4 and R8, indicated by several 
ture was obtained from  the chemical shift index, which indicated side-chain to side-chain NOES between these residues, which 

Fig. 6.  Stereo view  of the 12 best structures 
obtained for TM4 after  the final X-PLOR- 
based refinement superposed on  the  back- 
bone  atoms by the best superposition  pro- 
gram of Diamond (1992). The structures 
were those that had total energies less than 
120 kcal.mo1" aqd  no NOE violations 
greater than 0.35 A. The  top view is all 
heavy atoms; the bottom view  is backbone 
atoms. 
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hEGF 

Fig. 7. Stereo views of  ribbon  diagrams of the  structure of human EGI; protein (3EGF from  the most current  Brookhaven 
Protein  Data  Bank  release)  and  the  lowest  energy  structure of TM4. The  ribbon is superimposed  on  the  backbone  of  each 
molecule and  the  cysteine  disulfide  bonds  are  shown as thin  black  lines. 

may be  due  to  the presence of a salt bridge between the charged 
side  chains. The effect  of  the loop is to bring the N-terminus into 
close proximity  to  the residues E12-414  (E357-4359) in TM4. 

Structure of the  C-ferminal loop 

Superposition of TM4  and  EGF  protein on the cysteines shows 
that  the  N-terminal  subdomains  superimpose well despite  dif- 
ferences  in loop sizes (Kinemage 2). The  central  two-stranded 
@-sheet also superimposes well, but large differences are seen be- 
tween the  C-terminal  subdomains  of  the  two  proteins.  The  ar- 
chitecture  of  the  C-terminal  loop of TM4 is different  from  that 
found in EGF  protein  and in other previously studied  EGF-like 
domains. A model of TM4  based  on  the  structure of EGF  pro- 
tein (Montelione et al., 1987; Hommel et al., 1992) that  was 
generated by homology  modeling  had  a  tri-stranded  0-sheet 
structure very similar to  EGF,  but  many  unambiguously  as- 
signed NOEs were inconsistent with this  model, especially for 
the  C-terminal  subdomain. 

Ln TM4,  the  overall  structure of the  C-terminal  loop is still 
a tri-stranded  0-sheet. In fact,  the  chemical  shift index indi- 
cates  that  all  of  the residues from  G30  to  442  are in 0-strands. 
Backbone-to-backbone  NOEs between  residues V26 and  H39 
and between C27  and  R40  support  the  fact  that  the  strand ex- 
tending  from  C25  to  C27  and  the  strand  extending  from  H39 
to  C41  (the  C-terminal  strand)  run  parallel  to  each  other.  The 
strand extending from  H39  to F44 runs antiparallel to  the  strand 
extending  from I34 to  F3  1.  The  C-terminal  strand in TM4 lies 
directly between the  other  two  strands in the  C-terminal  loop, 
whereas  the  C-terminal  strand in EGF  protein lies on the  out- 
side  of the  other  two  strands in the  C-terminal  loop  for  most 
of its length  (Fig.  7; Kinemage  2). Thus,  the  architecture of 
the  C-terminal  portion  of  TM4  may  be  described  as  a  broken, 
irregular  parallel-antiparallel sheet with one crossover rather 

than  as  a simple antiparallel  sheet,  as is observed in EGF  pro- 
tein and  other  EGF-like  domains.  The  C-terminal sheet in TM4 
is somewhat  irregular with @-turns between  residues  A28 and 
G30  and  P35  and  E37, which partially  distort  the  structure. 

The  middle  strand of the  C-terminal  tri-stranded  &sheet in 
TM4  contains  the  amino  acids  C-terminal  to  C41, which are 
the  same  amino  acids  that  connect  the  fourth  domain with the 
fifth  domain in TM.  Thus,  the  structure predicts an intimate and 
rigid contact between the  fourth  and  fifth  domains in TM.  The 
hypothesis of a rigid contact region between the  two  domains 
is supported by the fact that  both  domains  are required for  TM 
cofactor activity,  whereas mixtures of the  two have no cofactor 
activity. As more studies  of tandem small domains  are  reported, 
it is becoming clear that  the  original  beads-on-a-string  hypoth- 
esis seldom  holds  (Smith et al., 1994). I t  is interesting  to  specu- 
late that  the novel architecture  of TM4 has  the  function of fixing 
the residues C-terminal to the last  cysteine  in TM4 in order  to 
spatially stabilize the  interaction between the  fourth  and  fifth 
EGF-like  domains of TM  that is probably  required  for  cofac- 
tor  activity.  Perhaps  this motif will be  found  in  other  EGF-like 
domains  that  function in tandem. 

Location of  the essential residues 
identified by alanine scanning 

Several  residues in the  fourth  EGF-like  domain  of  TM  have 
been shown  to be essential by alanine  scanning  mutagenesis 
(Nagashima  et  al., 1993). In particular,  mutation  of  D4,  E12, 
Y13, E29,  and F31 (D349,  E357, Y358, E374, and F376) to  al- 
anine resulted  in at least a 75% loss of activity. Also,  oxidation 
of  M43  (M388)  to  the  sulfoxide results in a 90% loss of activ- 
ity (Glaser  et  al., 1992). Figure 8 (and  Kinemage 3) shows  that 
these residues all lie in  a  “patch”  in  the  domain  formed by the 
N-terminus  of the  domain,  the  short  loop between C1 I and C15, 
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Fig. 8. CPK structure of TM4 showing the  residues known to be essential for TM cofactor activity as shown by alanine 
scanning mutagenesis. The TM4 domain is shown in blue, and the essential residues, D349, E357, Y358, E374, and F376, are 
shown in red. 

and the first strand of the C-terminal loop, C27-F3 1. It is strik- 
ing that the residues that form the patch are all either hydropho- 
bic or acidic, both characteristics of molecules that bind in the 
anion-binding exosite of thrombin.  The essential residues, D4, 
E12, and E29 all contact very  few other residues, are solvent 
accessible, and  are close to  one  another within the patch. The 
whole patch is acidic except for one edge that is bound by  M43 
(M388) and is hydrophobic. 

At least two of the essential residues, Y13 (Y358) and F31 
(F376), most likely  play structural roles because these residues 
appear buried in the structure and make contacts to several other 
residues. In particular, Y13 exhibits NOEs to V26, C27, A28, 
and E29 and appears to cement the position of the N-terminal 
subdomain with respect to the C-terminal subdomain. F31  ex- 
hibits  NOEs to C27, A28, E29, C41,Q42, M43, and F44 and ap- 
pears to cement the core of the C-terminal tri-stranded &sheet. 
M43 and F44 appear  to  form a  hydrophobic  protrusion  at  the 
edge of the  patch containing the acidic residues D4, E12, and 
E29. This patch of essential residues will most likely be in close 
proximity to  the fifth domain, the  first cysteine of which fol- 
lows  directly  F44. This structure predicts an intimate contact be- 
tween the C-terminus of the fourth domain and the N-terminus 
of the fifth domain and suggests that a much larger surface may 
form in the TM fragment containing both the  fourth  and fifth 
domains that could interact with thrombin. 

Materials and methods 

Peptide synthesis 

TM4, the 44-amino acid peptide corresponding to the sequence 
in Figure 1, was prepared by standard solid-phase peptide syn- 
thesis on a Milligen  9050 peptide synthesizer. The  amino acids 
used  were obtained from Milligen (Burlington, Massachusetts), 
were protected on the amine with fluorenylmethoxycarbonyl, 
and were  preactivated as the pentafluorophenyl esters of the car- 
boxylic  acids. TM4 proved to be particularly difficult to produce. 
Several syntheses were attempted using hydroxybenzotriazole 
obtained from Milligen (Burlington, Massachusetts) as the cou- 
pling reagent, but the full-length peptide could not be isolated 
from these syntheses. Eventually, two separate syntheses were 
successfully carried out using slightly different methodologies 
and using hydroxyazabenzotriazole, again from Milligen, as 
the coupling reagent. For the first synthesis, KA solid support 
(Novabiochem) was used. Phenylalanine was manually cou- 
pled to the resin as described  in the Milligen Peptide Synthesizer 
Manual to a substitution level of 0.087 meq/g. The  amino acid 
side-chain protecting groups for the  first synthesis were as fol- 
lows: Asn, Cys, and Gln-Trt; Asp and Glu-OtBu; Ser, Thr, 
and Tyr-tBu:  His-Boc; Arg-Mtr. For the second  synthesis, PEG- 
PS-phenylalanine solid support with a  substitution level of 
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0.160 meq/g  obtained  from Milligen was  used and  the  amino 
acid  side-chain  protecting  groups were the  same  as  those  in  the 
first synthesis with the  exception  of Arg for which Arg(Pmc)- 
OPfp was used.  Fmoc-L-Arg(Pmc)-OPfp was  synthesized from 
Arg(Pmc)-OH  and  pentafluorophenol as described previously 
using ethylacetate  as  the  solvent  and with care  taken  to  keep 
the  reaction  solution ice cold at  all  times  during  the  synthesis 
(Kisfaludy  et  al., 1973). Dimethylformamide (glass distilled) 
from  EM Sciences (distributed by VWR, Los Angeles, Califor- 
nia) was  used as  the  solvent  for  both  syntheses. 

The resin was washed extensively with dichloromethane  upon 
completion  of synthesis and  dried overnight under vacuum. The 
peptide was  cleaved from  the resin and  the  side-chain  protect- 
ing groups were removed by treatment of the resin  with a mix- 
ture of 90%  trifluoroacetic  acid  (TFA), 5% thioanisole, 3% 
ethanedithiol,  and 2% anisole  for  12 h for  the  first  synthesis 
(with Arg-Mtr)  and  for 4  h for  the  second  synthesis (with Arg- 
Pmc).  The resin was  removed by filtration  through glass wool 
and  the  peptide  was  isolated by ether  precipitation  at -20 "C 
overnight.  Crude  peptide was  collected on a cintered glass fun- 
nel,  washed with cold ether, dissolved in 5%  ammonium  acetate 
buffer,  pH  7.5,  and lyophilized. The yield of  crude  peptide was 
640 mg for  the first synthesis (72.5%  of the theoretical yield) and 
750 mg for  the second  synthesis (66.0% of the theoretical yield). 

Fully reduced peptide was prepared by dissolving 25-mg por- 
tions  of  crude  peptide in 20 mL  of 100 mM Tris-HC1, p H  8.0 
buffer containing 20mM dithiothreitol  under  nitrogen for 8-12 h. 
Purification of 100-mg portions  of  crude  peptide by reverse- 
phase  HPLC  on a Waters  DeltaPak  C18  column (19 X 300 mm) 
using a  gradient of argon-sparged 0.1 To TFA  to 50% acetonitrile 
over 1 h produced a yield of 25-30 mg pure, fully reduced  pep- 
tide.  The  major  HPLC  product  eluted  as a  single, sharp  peak 
that was  collected and lyophilized and  shown to be  of  the  cor- 
rect molecular weight by mass  spectrometry  and  the  correct 
amino  acid  composition by amino  acid analysis. The  minor, 
later  eluting  product  appeared on  further  analysis  to  be a mix- 
ture of  species and was not  characterized  further. 

The  purified,  reduced  peptide  was  then  refolded by slow air 
oxidation in a redox  buffer.  The  peptide (25 mg) was dissolved 
in 1 L of 0.5% ammonium  acetate  buffer,  pH  5.0,  containing 
1 mM oxidized glutathione  and 9 mM reduced  glutathione  and 
the  pH of the  resulting  solution was then slowly brought  to 8.3  
by the dropwise addition of 5%  NH40H with vigorous stirring. 
The  pH of the  oxidation  solution was maintained  at 8 to  8.3 by 
daily  addition of 5% NH40H  for  4-5 days to  ensure  complete 
oxidation of the  peptide.  The oxidized, folded  product  was iso- 
lated by loading  the  oxidation  solution in two 500-mL portions 
onto  an  HPLC  column  directly  through  the "A" buffer  pump. 
The  column,  gradient,  and  buffers were the  same as  those above 
except that  the  buffers were not sparged with argon  and  the  gra- 
dient was held at 30% acetonitrile for better product  separation. 
One  major  oxidation species  was produced  that  eluted  earlier 
than a mixture of  unresolved  minor species. After  purification 
to  >95%  homogeneity,  the  overall yield for  the  major  oxida- 
tion  product was approximately 10% of the  crude. 

Determination of disulfide bonds 

TM4  contains six cysteine residues  that  form  three  disulfide 
bonds.  The  disulfide  bonding  patterns of the  peptides were de- 
termined by a partial reduction method  (Gray, 1993a). The disul- 

fide bonding pattern of the  major oxidation species was mapped 
using Tris-carboxyethylphosphine (TCEP)  as a partial reducing 
agent (Gray, 1993b). Approximately 500 p g  of  purified, oxidized 
peptide was repurified on a Vydak  C18 HPLC  column (4.6 X 

250 mm)  at a  flow rate  of 1 mL/min,  using a gradient  of 0.1 Vo 
TFA  to 10% acetonitrile  over 10 min  and  then  to  40%  acetoni- 
trile over 1 h.  Detection was at 280 nm.  The  TCEP  solution was 
prepared by dissolving 32.4 mg TCEP  and 250 mg citric acid in 
5 mL MilliQ H20 and  adjusting  the  pH  to  2.5 by the  dropwise 
addition  of 1  N NaOH.  The  repurified  peptide was then dis- 
solved in 700 pL 0.1 Yo TFA.  The  same  volume of TCEP so- 
lution was added  to  the  peptide  solution  and  the  mixture was 
vortexed.  After exactly 1 h,  the  partially  reduced peptides  were 
separated by HPLC using  the  same  column  and  gradient de- 
scribed  for  the  repurification  of  the  peptide.  Eight  distinct re- 
action  products were detected and collected separately. The free 
thiols in the  reaction  products were acetamidylated by forcibly 
injecting 500 pL of each HPLC peak into a Falcon  tube  con- 
taining 400 pL  of a 0.5  M Tris-acetate  buffer, pH 8.0,  2 mM 
EDTA,  and 2.2  M iodoacetamide  with  continuous  vortexing 
during  the  injection.  Each  of  the eight alkylation  reactions was 
quenched  after exactly  1  min by acidification with  800 pL  of 
0.5 M citric  acid.  The  acetylated  products were purified  sepa- 
rately using  the  above  HPLC  conditions. 

Finally,  the  purified,  alkylated  products were characterized 
by N-terminal  sequencing.  The PTH derivative of reduced, acet- 
amidylated cysteines elutes  at  the  same  retention  time  as  the 
PTH derivative of  glutamic  acid  and was easily distinguished 
from  cystine. 

TM activity assays 

Peptides were  dissolved  in H 2 0   a t  a concentration of 1-2 mM 
and  the pH was adjusted if necessary. The peptide  solutions were 
divided into  small  portions  and  stored at  -20 "C. The  concen- 
tration of each  peptide  solution was determined by quantitative 
amino  acid  analysis using norleucine  as  the  standard. 

The  direct  inhibition  of  thrombin-induced  clot  formation by 
TM  has been previously demonstrated by measuring  the  time it 
takes  for  thrombin  to  induce  clot  formation  at  different  con- 
centrations  of  TM in  a solution  containing  fibrinogen.  The ex- 
perimental details  have  been described previously (Lougheed 
et al., 1995). TM4 was  used  in  place  of TM in this  assay.  The 
assay  was carried  out by incubating several different  concentra- 
tions of TM4 with 6.6 U of  human  thrombin (a generous  gift 
of Dr.  John  Fenton).  After 10 rnin, fibrinogen was added  and 
the  time  for  the  clot  to  form was measured using  a stop  watch. 
Concentrations  of  TM4  up  to 175 pM were assayed. 

TM  cofactor activity, which results in the thrombin-dependent 
production of activated  protein C,  was measured using an as- 
say  in  which thrombin  and TM were incubated  with  protein C 
and  the  resulting  activated  protein C  was then assayed  with  a 
chromogenic  substrate  (Stearns  et  al., 1989). Cofactor activity 
of  TM4 was measured by incubating  various  concentrations  of 
each  peptide with human  thrombin (0.4 pg/mL, 0.875 U/mL, 
11 nM) in TBS  containing BSA (1 mg/mL)  and CaCl, (5 mM). 
After  10  min,  human  protein C (7.25 pg/mL, 120 nM,  Hema- 
tologic  Technologies) was added  and  the  mixture was incubated 
for  20  min.  The  thrombin activity  was quenched  with  heparin- 
antithrombin 111 (80 ng/mL  and 220 ng/mL, respectively) and 
activated  protein C activity was  assayed by monitoring  the re- 
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lease of  p-nitroaniline  at 405 nm  from a chromogenic substrate, 
ChromozymPCa  (Boehringer-Mannheim) or S-2366 (Chromo- 
genix), at a concentration of 0.74  mg/mL.  TM4  showed no ac- 
tivity in  this  assay  up  to a concentration  of 350 pM. TM4  was 
also  tested  for  thrombin  binding  as  indicated by inhibition  of 
protein C activation in the  presence  of  rabbit  TM (20 ng/mL, 
0.29 nM) using the  same  assay,  but no inhibition was seen up 
to  concentrations  of  TM4  of 350 pM. 

NMR spectroscopy 

The  folded,  purified  TM4  peptide  was  not  soluble  at  pH 4.0- 
4.5, so care was taken  to keep the  pH  of  the samples above 5.0. 
Both  90%  H20/10%  D20  and 100% D 2 0  samples were pre- 
pared.  For  the  former, samples  of TM4 were dissolved in 450 pL 
of H 2 0 ,  the  pH was adjusted  to  5.2 by the  addition  of microliter 
amounts  of 1 N NaOH,  and 50 pL  of   D20 was added  (Cam- 
bridge  Isotope  Labs,  Cambridge,  Massachusetts)  for  the  deu- 
terium  lock. For D20 samples,  TM4 was dissolved in 500 pL of 
D20  and  the  pH was  adjusted  to 5.2 (uncorrected  for  isotope 
effects) by the  addition  of  microliter  amounts of 1 N NaOH. 
After  lyophilization, D 2 0  samples were  redissolved in 500 pL 
of "100%" D 2 0  and  the  pH was  checked to verify that it was 
still approximately 5.2. For  both  samples  types,  the final pep- 
tide  concentration was  verified to  be between 1.5 and 2 mM by 
amino  acid  analysis. 

Spectra were acquired  on a Bruker  AMX  spectrometer  oper- 
ating  at 500.13 MHz. All 2D  data  sets were processed on a Sili- 
con  Graphics  workstation using FELIX 2.30 software (Biosym 
Technologies, San Diego, California). All spectra were recorded 
in the phase-sensitive mode by using time-proportioned  phase 
incrementation  (Marion & Wuthrich, 1983). The  carrier was set 
on  the water  resonance and  the water  resonance was suppressed 
by selective irradiation by using the  decoupler  during a  relax- 
ation delay period of 1.0 s. To  further  aid in  water suppression, 
all H 2 0  time  domain  data were processed with a  zero  frequency 
subtraction  routine in t 2  prior  to  Fourier  transformation  (Ma- 
rion et al., 1989), which  was provided by Dr.  Ed Wang  in the 
laboratory of Dr.  Julie  Feigon. 

'H NMR assignments of TM4 

To obtain ' H  resonance assignments  clean-TOCSY  (Griesinger 
et al., 1988), DQF-COSY  (Braunschweiler et al., 1983), jump 
return-NOESY  (Plateau & Gueron, 1982), and NOESY (Ku- 
mar et al., 1980; Macura & Ernst, 1980) experiments were re- 
corded.  Clean-TOCSY  spectra were recorded in H 2 0  with a 
mixing time  of 75 ms at 15, 25,  35, and 45 "C,  with mixing 
times of 35 and 50 ms at  25 "C,  and in D 2 0  with a mixing time 
of 35 ms  at 25 "C. DQF-COSY  spectra were recorded in H 2 0  
and in D 2 0  at 25 "C.  Jump  return-NOESY  spectra were  re- 
corded in H 2 0  with mixing  times of 100, 200, and 300 ms,  and 
with  a  mixing time  of 300 ms  at 15 "C.  NOESY  spectra were 
recorded in D 2 0  with mixing times  of 100, 200, and 300  ms 
at 25 "C. A short  Hahn-echo  period was added  at  the  end  of 
the  clean-TOCSY  and  NOESY  pulse sequences to  improve  the 
quality  of  the baseline (Davis, 1989). Clean-TOCSY experi- 
ments were carried  out with sweep  widths  of 12,500 Hz in t z  
and  6,250  Hz in t , ,  and with the  DIPSI-2  relaxation  compen- 
sated mixing sequence to optimize Hartman-Hahn  transfer  and 
suppress  ROESY  transfer.  DQF-COSY,  jump  return-NOESY, 

and  NOESY  experiments were acquired with  sweep widths of  
6,250 in both t2 and t ,  . DQF-COSY experiments were recorded 
with 1,024 t ,  increments each with 112-144 scans of 4,096 com- 
plex data  points  and were zero filled to  8,192  points in t2 and 
t ,  and  multiplied by a skewed sinebell-squared window func- 
tion  prior  to  Fourier  transformation.  Other  data sets  were re- 
corded with 450-512 t ,  increments  each with 80-96 scans of 
2,048  complex  data  points  and were  zero  filled to 1,024 points 
in t ,  and multiplied by a skewed sinebell-squared window func- 
tion  prior  to  Fourier  transformation. 

Jump-return  NOESY  and NOESY experiments  at 25 "C  af- 
forded  at least one d N N ,  daN,  or daN sequential  connectivity 
throughout  the  entire length of  the  peptide  chain.  Proline  spin 
systems were inserted into their correct  positions in the sequence 
based on observed des, dpa, dyB,  dN6, d e N ,  daN,  and dyN cross- 
peaks. All six proline residues showed connectivities to  both  the 
preceding and  the following  residues in the sequence. The Felix 
2.30 Assign module  provided  verification of the  manually gen- 
erated spin  system identities  and  peptide  spanning  sequential 
connectivities. 

Deuterium  exchange rates were determined using  a pretuned, 
preshimmed  instrument by lyophilizing  fully protonated  TM4, 
for which the  pH was  previously adjusted  to  pH 5.2, and re- 
dissolving the  peptide in 100% D,O. A  series of eight  3.5-h 
clean-TOCSY  spectra were  collected with the  first  experiment 
beginning 10 min  after redissolving the  sample in 100% D20.  
Each  exchange  experiment was acquired  at 298 K with 256 t2 
increments  each with 32 scans of  2,048  complex data  points. 
Exchange  spectra were  processed in the  same  manner as other 
clean-TOCSY  spectra. Slowly exchanging  amide  protons were 
identified  as  those  continuing  to elicit signal 24 h after  the  pep- 
tide was  redissolved,  whereas amide  protons  continuing  to  pro- 
duce signal for  anywhere  from 10 min to less than 24 h  were 
classified as  moderately slowly exchanging. 

Structure calculations 

NOESY  crosspeak intensities at 100, 200, and 300 ms at 25 "C 
in both H 2 0  and D,O were measured  and  converted  to  upper- 
bound distance  restraints  through  the use of NOE buildup curves 
calculated in the Felix assign module.  NOE  buildup curves were 
created  from  the peak volumes  measured  at  the  three mixing 
times  and were calibrated  to  interproton  distances  based on a 
small set of clean intraresidue  peaks  chosen  from  the 100-ms 
jump-return NOESY and NOESY data sets, which corresponded 
to  proton  interactions  of a fixed distance (Ni et al., 1992). Dirty 
or  overlapped  peaks were not  included  as  NOE-based  distance 
restraints  but were manually  converted  to  generic  distance re- 
straints on the basis of  estimated  peak volumes at 100  ms. Peaks 
suspected  of being affected by spin  diffusion  as evidenced by 
nonlinear  buildup curves were discarded.  Intraresidue  constraints 
that were redundant with covalent limits  were also  discarded. 
NOES were classified as  strong,  medium,  and weak correspond- 
ing to  interproton  distance  restraints  of 1.8-3.0,  1.8-4.0, and 
1.8-5.0 A. Pseudoatom corrections (Wuthrich, 1986) were used 
only in cases of  suspected  degenerate signals for  the  DGII  and 
Discover-based calculations. In cases where  prochiral  constit- 
uents were spectroscopically distinguishable  but  not assigned ste- 
reospecifically, pseudoatom  corrections were not used. In such 
cases, the resonances were assigned arbitrarily  and were allowed 
to freely interchange  their  chirality  during  the  structure  calcu- 



1694 D. P. Meininger et al. 

lation process. For distance  restraints involving pseudoatoms, 
the  upper  bound was corrected. 

Structures were calculated  using  distance  geometry  meth- 
ods  (Have], 1991) through  the  NMR-Refine  module  of  the 
INSIGHT I1 version 2.3.9 software  package  (Biosym  Technol- 
ogies, San Diego, California).  Attempts to  assign the  NOE  data 
in  accordance  with a model  of  TM4  based  on  the  structure  of 
EGF protein  (Montelione et al., 1987; Hommel et al., 1992) were 
unsuccessful, especially for  NOEs involving the C-terminal loop 
and  intersubdomain NOEs. Therefore,  an  initial set of 273 un- 
ambiguous NOE-based distance  restraints was used to calculate 
a set of 50 structures  starting  from  the EGF-based  model  of TM4 
using  the  DGII  distance  geometry  software.  The  structure  that 
had  the smallest RMSD  relative  to  the  average  of  the  50  struc- 
tures  and  that  had  no  significant  restraint  violations was  used 
as a model  for  further  restraint  generation. A homology-based 
structure of the  periplasmic  cyclophilin  was  also  inconsistent 
with the  NOE  data,  and this structure was calculated  in an  anal- 
ogous  manner  (Clubb et al., 1994). Initial structure calculations 
were performed with the distance  restraints  enforced with a force 
constant  of  only 1 kcal/mol  in  order  to  emphasize  proper  mo- 
lecular geometry  over the distance  restraints in order  to facilitate 
the  identification of  misassigned NOEs.  No significant differ- 
ences were observed between structures  calculated using the  TM4 
structure  modeled  on  EGF  protein  as  the  starting  structure or 
a TM4  structure  from  an  intermediate  round of calculations  as 
the  starting  structure. 

A final set of 50 embedded  structures was calculated using 
519 NOE-based  and generic distance  restraints  enforced with 
a force  constant  of  30  kcal.mol-'.A-'.  The  TM4  structure 
modeled  on  EGF  protein  was used as  the  starting  structure. 
All other  parameters were  set to  the  default values  in the  DGII 
software (Biosym Technologies, 1993). The  embedded  structures 
were optimized  through lo6 iterations  of  DGII-based  simulated 
annealing  with  the  initial energy  value set to 1,024 kcal/mol, 
the  time  step set to  0.2 ps,  and  all  other  parameters left at  their 
default values (Biosym  Technologies, 1993). Of the 50 final  em- 
bedded  structures, 41 achieved  a DGII  error  function value 
of less than 0.5 after  the simulated  annealing  phase  of the  optimi- 
zation  and were  selected for  further  analysis.  The 41 structures 
were then  cooled  and  minimized  against  the  distance  restraints 
using  the  conjugate  gradients  algorithm  until  the  derivative 
reached 1 X lop5 (Biosym  Technologies, 1993). 

Discover refinement 

The optimized structures were further refined  in three steps using 
the Discover module  (Biosym  Technologies,  San  Diego,  Cali- 
fornia)  with 2 of the 41 structures  discarded  prior  to  further 
refinement  due  to excessively high  starting energies. The  three 
refinement  steps  used  the cvff forcefield  and a Leonard-Jones 
potential  with a globally  enforced dielectric constant  of  1.0, 
charges,  and  the  distance  restraints  again  enforced with  a force 
constant of 30 kcal.mol".A-2, included in the  simulation. All 
force  constants were scaled to 1 .O during  the  three stages  of fur- 
ther  refinement  (Clubb  et  al., 1994). The  first  stage of further 
refinement  consisted of 100 iterations of  steepest descents  en- 
ergy  minimization.  Second,  the  structures were subjected  to a 
molecular  dynamics  protocol  consisting  of a  1-ps initialization 
at  300 K followed by 20 ps  of  further  dynamics in two  steps  at 
300 K .  Finally, conjugate gradients  minimization  was  carried out 

until  the  derivative  reached  0.01.  Further  minimization  did  not 
substantially lower the  final energies obtained. All three  steps 
of refinement were  essential for  producing low energy  struc- 
tures, especially the  molecular  dynamics, which  reduced the  en- 
ergies of  the  structures  to less than 300 kcal.mol-'  compared 
to  approximately 800 kcal.mo1" when minimization alone was 
used. The lowest energy structures obtained were also those with 
the lowest residual  distance  constraint  violations. 

X-PLOR refinemem 

The  program  X-PLOR was  used to  optimize  bond  lengths  and 
bond angles (Briinger, 1988). For these calculations,  the re- 
straint file from  the DGII calculations was edited so that  atom 
names  referring  to  nonstereospecifically assigned resonances 
were designated by wild cards  instead  of  the  arbitrary  numeri- 
cal  designations used  in DGII  and  the  upper  bounds were in- 
creased to  account  for  pseudoatom  corrections  (Wiithrich, 
1986). Slow-cooling refinement was performed in which the 
system was  cooled  from its initial value of 1,000 K to its final 
value  of 100 K in 50 K steps. All masses were set to  uniform val- 
ues (100 a.u.)  to speed molecular  dynamics (Nilges et al., 1988). 
An NOE force  constant of 30  kcal.mo1-' was  held con- 
stant  throughout  the  protocol,  and  the  van  der Waals force 
constant was  increased slowly over the  course of the refinement 
from 0.003 kcal.mol-l . A - 2  to 4.0 kcal.mol".Ap2.  The final 
value  of  the  van  der Waals radii was set to 0.75 times  the val- 
ues in the  X-PLOR  parallhdg.pro  parameter  set, which is ap- 
proximately  the  same  as  the  hard  sphere  van  der Waals  radii 
employed by the  programs  DISMAN  (Braun & Go, 1985) and 
DIANA (Giintert  et al., 1991). A total of  2,000  cooling steps  of 
5-fs dynamics were employed followed by 500 steps of  restrained 
Powell energy minimization.  The lowest  energy structures  ob- 
tained after  the  X-PLOR-based refinement were again those that 
exhibited  the smallest violations of the  distance  constraints. 
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