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Sequence-Specific H NMR Assignments, Secondary Structure, and Location of 
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ABSTRACT: Factor IX is a blood clotting protein that contains three regions, including a y-carboxyglutamic 
acid (Gla) domain, two tandemly connected epidermal growth factor like (EGF-like) domains, and a serine 
protease region. The protein exhibits a high-affinity calcium binding site in the first EGF-like domain, in 
addition to calcium binding in the Gla domain. The first EGF-like domain, factor IX (45-87), has been 
synthesized. Sequence-specific resonance assignment of the peptide has been made by using 2D N M R  
techniques, and its secondary structure has been determined. The protein is found to have two antiparallel 
&sheets, and preliminary distance geometry calculations indicate that the protein has two domains, separated 
by Trp28, with the overall structure being similar to that of EGF. An NMR investigation of the calcium-bound 
first EGF-like domain indicates the presence and location of a calcium binding site involving residues on 
both strands of one of the P-sheets as well as the N-terminal region of the peptide. These results suggest 
that calcium binding in the first EGF-like domain could induce long-range (possibly interdomain) con- 
formational changes in factor IX, rather than causing structural alterations in the EGF-like domain itself. 

F a c t o r  IX is a vitamin K dependent blood clotting protein 
important in the intrinsic clotting cascade. This protein has 
a domain structure consisting of an N-terminal y-carboxy- 
glutamic acid (Gla)' domain, two epidermal growth factor like 
(EGF-like) domains, and a C-terminal serine protease domain. 

A wide range of blood clotting proteins contain tandem 
repeats of an epidermal growth factor like domain, including 

'This research was supported by US. Public Health Service National 
Institutes of Health Grants HL41935 (J.P.T. and W.V.S.) and A127026 
(A.P.). 

* Author to whom correspondence should be addressed. 
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factor IX, factor X, factor XII, factor VII, protein S, and 
protein C (Furie & Furie, 1988). The function of these 
EGF-like domains is not understood. It has been shown that 
no EGF-receptor binding or mitogenic activity is present in 
a peptide consisting of only the first EGF-like domain of factor 
IX (Huang et al., 1989). However, calcium binding is required 

I Abbreviations: EGF, epidermal growth factor; TGF, tumor growth 
factor; Gla, y-carboxyglutamic acid; 2D, two dimensional; NMR, nuclear 
magnetic resonance; COSY, two-dimensional correlation spectroscopy; 
DQF-COSY, two-dimensional double-quantum-filtered correlation 
spectroscopy; RELAY-COSY, two-dimensional relayed coherence- 
transfer spectroscopy; TOCSY, two-dimensional total correlation spec- 
troscopy; TQ-COSY, triple-quantum coherence-transfer spectroscopy; f I ,  
evolution time; FID, free induction decay. 
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the uncorrected pH meter readings. For the NMR experi- 
ments in D20, the sample was lyophilized and redissolved in 
99.8% D 2 0  (Stohler Isotoped) several times, before the final 
NMR sample was dissolved in 99.996% D 2 0  (Stohler Iso- 
topes). For the experiments in H20,  the peptide solution was 
lyophilized and redissolved in 90% H20/10% D20. The 
peptide was found to dissolve more easily if it was diluted by 
a factor of 3-4 before lyophilization. For determination of 
the slowly exchanging amide protons, a peptide solution in H 2 0  
was lyophilized and redissolved in D20, and a COSY spectrum 
was immediately acquired. 

All NMR spectra were acquired on a Varian VXR-500s 
spectrometer operating at 499.84 MHz at a temperature of 
25 f 0.2 OC. All 2D spectra were recorded in the phase- 
sensitive absorption mode using the hypercomplex method 
(States et al., 1982). The carrier frequency was set on the 
water resonance with sweep widths of 7000 Hz in both di- 
mensions except for the triple-quantum experiment which had 
a sweep width of 10500 Hz in the tl dimension. The 2D NMR 
spectra were collected in the following form: 2048 complex 
points were acquired in t2, 300-350 complex FIDs in t , ,  32-64 
transients for each FID with a recycle time of 1.3-1.9 s be- 
tween each transient. In all the spectra, low-power continu- 
ous-wave irradiation was applied to the water frequency in 
order to suppress the residual water signal. The following 2D 
NMR experiments were performed according to standard 
procedures (Wuthrich, 1986): NOESY, TOCSY, COSY, and 
RELAYED-COSY in 90% H20/10% D20; and NOESY, 
TOCSY, DQF-COSY, TQ-COSY, and RELAY ED-COSY 
in D20. The NOESY spectra were acquired with mixing times 
of 1, 40,80, 120, and 200 ms, and the TOCSY spectra were 
acquired with a spin lock time of 70 ms. The 2D NMR data 
were transferred to a VaxStation 3100 or SUN 4 computer 
where spectral processing was performed by methods similar 
to those previously described (Bach et al., 1987) using the 
FTNMR and FELIX programs (Hare Research, Inc.). 

Three-Dimensional Structure Calculations. Proton-proton 
distance constraints were estimated from the 200-ms NOESY 
spectra of the peptide in H 2 0  and D20.  No intraresidue or 
sequential proton-proton distances were used in the calcula- 
tions performed here, so these preliminary structures will 
simply serve as a set of possible structures that are consistent 
with the overall folding of the peptide. A set of 37 proton- 
proton distance constraints between nonsequential amino acids 
was used as input for a distance geometry algorithm. In these 
calculations, no attempt was made to account for spin diffusion 
in the peptide (Wuthrich, 1986), so these distances were en- 
tered as loose constraints with a lower bound of 1.9 8, and an 
upper bound of 4.5 8, for all proton pairs except for several 
a-proton-a-proton distances in the 8-sheets, where the upper 
bound was set to 3.0 8, (because these interactions gave very 
strong cross-peaks in the 2D NOE spectra). A set of 10 
structures were generated by the DSPACE (Hare Research, Inc.) 
distance geometry program using embed, annealing, and re- 
finement procedures similar to those previously discussed 
(Pardi et al., 1988). These structures were then used as input 
for a constrained energy minimization program in order to 
generate energetically favorable structures consistent with the 
NMR distance constraints. 

RESULTS 
Sequence-Specific Assignments. Amino acid spin types were 

identified from analysis of cross-peak patterns in standard 
COSY, TOCSY, and RELAY-COSY experiments in D 2 0  
and 90% H20/10% D 2 0  solution. The D 2 0  and H 2 0  DQF- 
COSY spectra were the starting point for identification of spin 
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1 (45) 43 (87) 

FIGURE 1: Primary structure of the first epidermal growth factor like 
domain human factor IX (45-87). The numbering system used is 
based on the synthetic peptide, with the corresponding factor IX 
sequence position shown in parentheses. 

for activity in factor IX, and Gla-independent calcium binding 
has been noted (Morita et al., 1984). Recently the Gla-in- 
dependent calcium binding site has been shown to occur in the 
first EGF-like domain (Huang et al., 1989, 1990; Handford 
et al., 1990). Similar Gla-independent calcium binding sites 
have been demonstrated in the EGF-like domain regions of 
factor X (Persson et al., 1989) and protein C (Ohlin et al., 
1986). 

In human factor IX, residues 45-87 (Figure 1) constitute 
the first EGF-like domain. As in EGF and TGF-a, the di- 
sulfide bond structure creates three closed loops terms in se- 
quential order A-loop, B-loop, and C-loop. This peptide has 
been synthesized and can be obtained with disulfide bond 
pairing analogous to that found in EGF (Savage et al., 1972). 
In this paper, we describe the sequence-specific assignments 
of the 'H resonances using standard 2D NMR techniques. In 
addition, two secondary structures consisting of two antiparallel 
@-sheet structures are described, and a preliminary model of 
the structure of the peptide is given. Furthermore, we have 
used NMR studies of the peptide in the presence of 20 mM 
Ca2+ to define the location of a calcium binding site. 

MATERIALS AND METHODS 
Peptide Synthesis. The first EGF-like domain of human 

factor IX (45-87) was synthesized manually by the stepwise 
solid-phase method. The synthesis started with Nu-tert-Boc- 
Thr(Bz1)-OCH2-Pam resin (0.76 mmol/g of resin; Applied 
Biosystem, Inc.). The Boc group was used for the protection 
of thhe Na-amino terminus of all amino acids. Protecting 
groups for amino acid side chains were as follows: Asp(OBzl), 
Cys(CMeBzl), Glu(OBzl), Lys(2-C1Z), Ser(Bzl), Thr(Bzl), 
and Tyr(2-BrZ). Deprotection of the Boc group and neu- 
tralization and coupling procedures have been described 
elsewhere (Huang et al., 1989). The ninhydrin test gave 
satisfactory results for each coupling. The peptide was cleaved 
by the low-high H F  method (Tam et al., 1983). After H F  
cleavage, organic scavengers were removed by ethyl ether 
extraction. The peptide was fully reduced in 8 M urea/O.l 
M dithiothreitol in 0.1 M Tris-HC1 buffer at pH 8.4. The urea 
concentration of the peptide solution was slowly lowered to 
about 1 M by gradual dialysis against 8, 5, and 1.5 M urea. 
The peptide refolded in 0.1 mM reduced and oxidized gluta- 
thione solution after about 2 days at room temperature and 
slow stirring. The homogeneous refolded product was obtained 
after preparative CI8  HPLC purification. Cf-252 mass 
spectrometry data showed the correct mass species for (M + 
H)' is 4750.6, and (M + 2H)*+ is 4749.8, with the difference 
between the measured and the calculated mass being +0.7 and 
-0.1 mass units, respectively. Confirmation of correct disulfide 
refolding was achieved by thermolysin digestion (Huang et 
al., 1989). 

NMR Experiments. Approximately 6 mg of purified pep- 
tide was dissolved in 0.6 mL of buffer containing 10 mM 
deuterated sodium succinate at pD 4.2. The pD values are 
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FIGURE 2: Contour plot of a portion of the D20 DQF-COSY spectrum 
(25 O C ,  pD 4.2) showing the aliphatic region of the spectrum. Both 
positive and negative contour levels are plotted. 

B 
9 : 6  8 : 8  8 : O  

0 2  (PPm) 
FIGURE 3: Contour plot of the fingerprint region of the H20 COSY 
spectrum (25 O C ,  pH 4.2), showing the amide/a-proton cross-peaks. 
The amide/a-proton cross-peak of GIU'~ was observed (10.38 
ppm/4.11 ppm) but is not shown. 

systems. The quality of the data can be judged from the 
contour plots of portions of the DzO DQF-COSY and HzO 
COSY spectra shown in Figures 2 and 3. Spin systems 
identified by using DzO COSY, RELAY-COSY, and TOCSY 
experiments were confirmed, and in some cases completed, by 
correlation with the corresponding HzO spectra. A DzO 
triple-quantum COSY experiment also proved useful in de- 
termining the chemical shifts of nearly equivalent @-protons. 
Determination of some amino acid types was possible from 
their unique spin system, as was the case, for example, with 

_ -  , I  
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FIGURE 4: Two sections of the H 2 0  NOESY spectrum (25 OC, pH 
4.2) showing the connectivities between the y-amide protons and 
0-CH2 protons for Am3'. 

* I  + +  i * +  
I- 

YVDGDQCESNPCLNGGSCK DDINSYECWCPFGFEGKNCEhDVT 
10 20 30 

d":- - - - - - - 
d": - - - - -  d p N : - -  --- ----  

JWNa: b b b  b b  b b b  b b b b  b b e b b  b b  b b b b b  
3 -- 

FIGURE 5: Summary of the sequential connectivities and antiparallel 
8-sheet segments found for the first EGF-like domain in factor IX. 
Disulfide bridge connections are shown, and slowly exchanging amide 
resonances are indicated by an asterisk. Sequential NOE connectivities 
are shown in three rows below the amino acid sequence. The row 
labeled dmN shows the connectivities between an a-proton and the amide 
proton of the following amino acid (except when the following amino 
acid is proline, in which case a da6 connection is indicated). Residues 
with observable amide/a coupling constants greater than 8 Hz are 
indicated by (0). The antiparallel &sheet regions are specified by 
heavy checkered lines with thinner lines indicating the associated bends. 

the lysines. In other cases, the NOESY spectrum was useful 
in identification. For example, side chain amide peaks for the 
one glutamine and all four asparagine residues were identified 
by strong amide/amide and amide/aliphatic cross-peaks in 
the HzO NOESY spectrum (Figure 4). For all the aromatic 
residues, intraresidue NOE connectivities between ring protons 
and the @-carbon protons were used to make assignments of 
the aromatic proton resonances. The amine protons of Lys19 
and Lys36 were seen in the HzO TOCSY spectrum. These 
protons are not usually detected at  pH 4.2 as a consequence 
of fast exchange rates (Wiithrich, 1986). Their observation 
suggests that they are involved in hydrogen bonds. 

Figure 5 illustrates the sequential connectivities which were 
determined by using through-space NOESY interactions. The 
distance between the a-proton of one amino acid and the amide 
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Table I: Chemical Shifts for Human Factor IX (45-87), pH 4.2, 25 
OC 

Biochemistry, Vol. 30, No. 30, 1991 1405 

amino 
acid 

residue N H  a H  BH others 
chemical shifts (ppm) 

Tvr' 4.25 3.10, 3.13 2,6H 7.10; 3,5H 6.85 
8.41 4.14 2.01 YCHI 0.86, 0.90 vi12 

Asp3 
Gly4 
Asp5 
Gln6 

Cys' 
Glu8 
Ser9 
Asn'O 
Proll 

cysi2 
Leu') 

AsnI4 
GlyT5 
GlyT6 
Ser" 
CYSI* 
Lys'9 

Asp20 
Asp2' 

Amz3 
SerZ4 
TyrZ5 
G I u ~ ~  
Cys2' 
Trp28 

C y P  

Phe3I 

Gly32 
Phe33 
Gld4  
Gly3' 
Lys'6 

Asdl 
Cy@ 
GId9 
Leum 
Asp" 

Thr43 

8.46 4.58 2.74, 2.82 
8.38 3.89, 4.00 
8.22 4.71 2.82, 2.86 
8.81 4.06 1.93, 2.19 7CH2 2.24, 2.40; 6NH2 

6.69, 7.49 
8.49 4.37 2.89, 3.13 

7.64 4.34 3.74, 3.81 
7.77 3.97 2.04, 2.07 rCH2 2.42, 2.42 

7.98 4.47 2.87, 2.90 7NH2 6.65, 7.44 
4.24 1.58, 1.69 YCH, 0.64, 1.31; 6CH2 

3.5 
7.73 4.38 2.42, 2.75 
8.51 4.28 1.38, 1.59 7CH 1.80; 6CH3 0.79, 

8.58 3.87 1.23, 1.92 7NHZ 7.17, 7.22 
0.89 

8.33 3.56, 4.06 
7.73 3.69, 4.53 
8.78 4.81 3.89, 3.93 
8.94 5.12 3.05, 3.02 
9.43 4.66 1.70, 1.77 7CH2 1.28; 6CHz 1.53; 

cCH2 2.73; rNH3 7.37 
8.81 4.68 2.70, 2.92 
8.33 4.97 2.55, 2.89 
8.74 3.74 2.12 7CH2 1.16, 1.51; yCH3 

8.68 4.79 2.83, 2.91 yNH2 6.93, 7.66 
0.88 

7.64 4.56 3.79, 3.85 
8.10 5.39 2.74, 3.14 2,6H 6.88; 3,5H 6.84 

9.22 5.59 2.81, 2.98 
9.54 4.83 3.25, 3.37 2H 7.22; 4H 7.62; 5H 

9.05 4.69 1.99, 2.04 rCH2 2.24, 2.33 

7.12; 6H 7.22; 7H 7.48; 
N H  10.07 

8.54 5.13 2.57, 2.93 
4.47 2.15, 2.49 7CH2 2.02, 2.21; 6CH2 

3.26, 3.48 

7.29 
8.35 4.22 2.92, 3.22 2,6H 7.25; 3,5H 7.35; 4H 

8.10 2.89, 3.79 
7.77 5.52 2.60, 3.07 2,6H 6.97; 3,5H 7.17 

8.13 3.79, 4.11 
9.25 4.80 1.90, 2.12 yCH2 2.08, 2.17 

9.33 3.96 1.76, 1.94 7CH2 1.42; 6CH2 1.65; 
tCH2 2.74, 2.80; eNH3 
7.34 

8.93 5.69 2.44, 3.52 7NH2 6.91, 7.36 

10.38 4.11 1.95, 2.15 rCH2 2.25, 2.56 
7.69 4.05 2.99, 3.60 

8.78 4.69 1.35, 1.49 7CH 1.18; 6CH3 0.88 

7.99 4.05 1.85 yCH3 0.53, 0.68 
7.76 4.10 Y C H ~  1.07 

8.63 4.66 2.62, 2.81 

of the next amino acid in sequence (daN) varies approximately 
between 2.20 and 3.55 8, (Wuthrich, 1986). In this 43-residue 
peptide, only 40 sequential daN peaks are expected in the H20 
NOESY spectrum because of the presence of Pro" and Pro30. 
Of these, 33 were observed. The remaining seven daN con- 
nectivities could not be unambiguously determined, either 
because of overlap with intraresidue cross-peaks or as a result 
of radio-frequency irradiation used for suppression of the water 
resonance. For six of the seven pairs with unobserved daN 
connections, dBN connections were seen. Thus, only for 
Trp*" /Cy~*~ was the connection dependent on knowledge of 
the sequence. Sequential connections between the two proline 
residues and their preceding amino acids were determined from 
the da6 peak between the &protons of trans-proline and the 
a-proton of the preceding residue. The proton chemical shifts 

I 
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0 2  (PPm) 
FIGURE 6: Plot of the D 2 0  NOESY spectrum (25 O C ,  pD 4.2) 
displaying the d,, peaks arising from the antiparallel @-sheet structures. 
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FIGURE 7: Schematic diagram of the antiparallel 8-sheets found in 
the first EGF-like domain of factor IX. NOE connectivities are 
depicted by arrows, with thicker arrows denoting strong NOES. Slowly 
exchanging protons detected in a COSY spectrum of a sample freshly 
dissolved in H20 are encircled. Putative hydrogen bonds are shown 
by dashed lines. 

from the sequential resonance assignment procedure are shown 
in Table I. A small number of other resonances were observed 
but not assigned to the peptide, and were presumed to arise 
either from impurities or from minor alternate conformations 
of the peptide. 

Secondary Structure. Residues involved in @-sheet struc- 
tures were identified by the presence of nonsequential NOESY 
peaks between a-protons (Figure 6). The presence and length 
of the two sheets were then determined from additional 
cross-strand cross-peaks and from the pattern of slowly ex- 
changing amide protons. The following short interstrand 
proton-protons are expected in an antiparallel @-sheet: d, 
= 2.3 A, daN = 3.2 A, and d N N  = 3.3 8, (Wuthrich, 1986). 
The backbone structures of two sections of proposed anti- 
parallel @-sheets are schematically shown in Figure 7, along 
with the observed NOE interactions. 

Figure 7A shows an antiparallel @-sheet between residues 
16-20 and 25-29. Proposed hydrogen bonds are illustrated 
by dotted lines. With two exceptions, all the interchain NOE's 
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expected from an ideal antiparallel @-sheet are unambiguously 
detected. 

The proposed @-sheet structure is confirmed by additional 
NMR data. The extended peptide conformation necessary 
for a @-sheet leads to very short sequential amide proton/a- 
proton distances (=52.2 A) and to intraresidue amide pro- 
ton/a-proton spinspin coupling constants ( 3 J H N a )  near 9 Hz 
(Wuthrich, 1986). The observed sequential daN connectivities 
are consistent with an antiparallel @-sheet (Figure 7A), and 
the amide proton/a-proton coupling constants were greater 
than 8 Hz for all residues in the sheet where the coupling 
constant could be measured (some were not detected as a result 
of suppression of the solvent resonance). Additionally, the 
amide protons of Lys-19, Glu-26, and Trp-28 were detected 
as slowly exchanging, and this observation is consistent with 
the proposed hydrogen-bond network, and provides further 
support for the @-sheet. 

A second shorter antiparallel @-sheet between residues 32-34 
and 40-42 is found (Figure 7B). With the exception of two 
cross-peaks whose existence could not be unambiguously de- 
termined, all the NOE interactions expected for this sheet are 
found, and the detectable 3&Na coupling constants and strong 
sequential daN NOE peaks are consistent with the extended 
@-sheet structure. 

A tight turn is observed at one end of each of the sheets, 
with a four amino acid turn in the first @-sheet (residues 
21-24) and a five amino acid turn in the second (residues 
35-39). The length of the second turn precludes its identi- 
fication as a classical type I or I1 turn. The four amino acid 
turn does not contain glycine, reducing the probability of it 
being a type 1’, type 11, or type 11’ turn (Creighton, 1984). In 
addition, the magnitude of the amide/a coupling constants 
in the turn does not conform to the expected patterns for 
classical type I, 1’, 11, or 11’ turns (Wiithrich, 1986). Thus 
it is not possible to classify the type of @-turn for residues 21-24 
from qualitative analysis of the NMR data. 

The turn in the second sheet (residues 35-39) is connected 
to the end of the first @-sheet by a disulfide bond between CysB 
and Cys3*, Since the second @-sheet begins only two amino 
acids away from the end of the first sheet, the result of this 
is to cause the turn to fold over the second sheet. Thus, the 
presence of five amino acids in the second sheet @-turn may 
reflect the structural demands imposed by the primary and 
secondary structure. 

Tertiary Structure. The structure of this peptide is relatively 
highly constrained. The peptide contains three disulfide bonds, 
and 58% of the peptide is tied up in the two @-sheets and 
associated turns. Furthermore, as was described in the pre- 
ceding paragraph, the second @-sheet and turn assembly is 
constrained to fold over on itself, which appears to limit the 
relative positions of the two sheets. The two sheets then ef- 
fectively form two subdomains at opposite ends of the molecule. 

Although a definitive structure has not yet been obtained, 
distance geometry and molecular dynamics calculations, in- 
cluding constraints from disulfide bonding, secondary structure, 
and a small number (37) of other unambiguous NOE con- 
nectivities, have yielded a set of preliminary structures. These 
structures differ from each other in a number of important 
ways, but several features are present in all the structures. For 
the purpose of illustration, one of these structures is shown 
in Figure 8. 

One prominent and consistent feature is the presence of two 
subdomains (Figure 8). These subdomains are joined by TrpZ8, 
the single amino acid between loops B and C. Thus, one 
domain is composed of the N-terminal tail and the A and B 
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FIGURE 8: One of the energy-minimized distance geometry structures 
of the first EGF-like domain of human factor IX. The conformation 
of the N-terminal tail (residues 1-6) is undefined, as there are no 
nonsequential NOES connecting any of these residues to the rest of 
the peptide. Dots on the ribbon indicate the a-carbon atoms of residues 
1,  4, 5, 6 ,  20, 21, 24, 25, 34, and 42. The a- or P-proton chemical 
shifts of these residues change significantly upon addition of calcium 
ion (see text). 
loops, while the other domain is made of loop C and the 
C-terminal tail. A second prominent feature is the general 
orientation of the @-sheet in the first subdomain (residues 
16-29, including the @-turn), which forms a protrusion pointing 
away from the second subdomain. The calcium binding site 
appears to be located near the end of this protrusion. In the 
calcium-free form, the N-terminal tail (residues 1-6) is not 
connected by any NOES to the rest of the first domain. 
However, the data presented below suggests that as a result 
of binding calcium, this tail folds across the end of the @-sheet, 
completing the binding site and enveloping the calcium ion. 

Calcium Binding. The peptide binds calcium ion signifi- 
cantly only at pD values near 5 or above (Huang et al., 1989). 
Comparison of DQF-COSY spectra of the peptide in D20  at 
pD values of 4.2, 4.7, and 5.4 indicated that while only small 
changes in chemical shifts are observed between pD 4.2 and 
4.7, significant differences, particularly in the chemical shifts 
of Glu and Asp resonances, are seen at pD 5.4. Thus, pD 4.7 
was chosen for the calcium binding studies as it allows con- 
fident extrapolation of the assignments obtained at  pD 4.2, 
while still providing conditions close to those previously shown 
to be relevant for calcium binding. 

A DQF-COSY spectrum of the first EGF-like domain of 
factor IX was acquired in D20  at pD 4.7, and another spec- 
trum was acquired after dissolving the peptide in buffer con- 
taining 20 mM CaCl,. Assignments of shifted resonances 
obtained from this spectrum were confirmed by using an H 2 0  
TOCSY spectrum. 

The chemical shifts of most resonances are almost un- 
changed by the addition of calcium. This demonstrates that 
calcium ion does not induce any major change in protein 
conformation, consistent with the highly constrained confor- 
mation. Only 1 1  of 43 residues have aliphatic proton reso- 
nances which are shifted by more than 0.03 ppm by the ad- 
dition of calcium. Figure 9 shows the calcium-induced changes 
in the resonances of protons bound to the @- and a-carbons. 

Assuming that calcium binding alters the chemical shifts 
of the protons on the residues which act as calcium ligands, 
amino acids in three segments of the peptide are suggested 
as potential binding sites: residues 4-7, 20-21, and 24-26 
(Figure 9). AspZo has been previously implicated in calcium 
binding of factor IX (Rees et al., 1988). A model consistent 
with these NMR results is where a binding pocket for calcium 
is formed by residues 20-21 and 24-25, all of which flank the 
turn in the first @-sheet. Upon binding calcium, the N-terminal 
tail would fold across the &sheet (Figure 8), allowing one or 
both of residues 5-6 to complete the binding site. However, 
it is not possible to rule out other adjacent residues as calcium 
ligands. In support of residue 6 being at or near the binding 
site, factor IX New London (Lozier et al., 1990), which 
contains Pro6 in place of the glutamine found in our peptide, 
causes severe hemophilia B with no detectable factor IX ac- 
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FIGURE 9: Bar graph showing the changes in chemical shift for 
individual amino acids as a result of the addition of calcium (20 mM 
CaCI2, pD 4.7, 25 "C). The solid bar shows the magnitude of the 
maximum shift observed among the a- and @-proton resonances, while 
the open bar shows the sum of the absolute values of the chemical 
shift changes for these resonances. It was not possible to determine 
the chemical shift changes for either of the two proline residues, and 
so the values for positions 11 and 30 are unknown. 

tivity. To confirm this potential binding site, NOE studies 
of the calcium-bound peptide are currently in progress. 

Calcium is typically coordinated by oxygen atoms. In 
proteins, Asp or Glu are the most common ligands, but co- 
ordination through backbone carbonyl oxygens or side chain 
alcohol oxygens is also possible (Williams, 1986). Comparison 
of the amide chemical shifts for the calcium-bound peptide 
to those of the calcium-free peptide at pD 4.2 (data not shown) 
indicates that the resonance positions of the amide protons on 
Cys' and TyrZS have shifted by almost 0.2 and 0.3 ppm, re- 
spectively. This suggests that Gln6 and Ser24 act to bind 
calcium through their backbone carbonyl oxygen atoms or that 
there is some conformational change in the peptide upon 
calcium binding which leads to these chemical shift changes. 

The NMR data give some evidence for a second calcium 
binding site formed by G ~ u ~ ~  and Val42, possibly with the 
involvement of backbone carbonyl oxygens from several other 
residues. Using a shorter peptide (corresponding to residues 
2-40 in Figure l), Handford et al. (1990) noted the presence 
of a second aromatic resonance (corresponding to Phe33) which 
showed some sensitivity to calcium ion. This same resonance, 
however, was also sensitive to magnesium, indicating a binding 
site of lower selectivity. However, since the Handford et al. 
peptide lacks Val4*, the significance of these calcium-dependent 
chemical shifts is unclear. On the basis of the set of structures 
obtained from distance geometry calculations (e.g., see Figure 
8), it does not appear possible for either of these amino acids 
to be involved in the binding site in the first @-sheet. No 
conclusion on the presence of a second calcium binding site 
can be confidently drawn at this time. 

DISCUSSION 
The peptide described in this paper has aspartic acid at 

residue 20 in place of the p-hydroxyaspartic acid usually found 
in this position. However, it has been shown that a consid- 
erable fraction of the aspartate at this position is un- 
hydroxylated in human factor IX (Fernlung & Stenflo, 1983). 
Morita and Kisiel have also demonstrated (1985) that a @- 
hydroxylated aspartic acid may not be required for calcium 
binding. This result has been confirmed by the calcium dis- 
sociation constants of 0.4 mM (Huang et al., 1990) and 
0.2-0.3 mM (Handford et al., 1990) reported for synthetic 
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and yeast-secreted copies of the first EGF-like domain of factor 
IX, neither of which contain 8-hydroxylated aspartic acid. 

Role of Asp3 in Calcium-Dependent Activity. Mutation 
studies which probed Gla-independent calcium binding have 
suggested a binding site in the first EGF-like domain involving 
Asp3, AspS, and AspZo (Rees et al., 1988). A molecular 
modeling study of the first EGF-like domain of factor IX 
(McCord et al., 1990) also suggested a calcium binding site 
involving (using the numbering system of our peptide) Asp3, 
AspS, Asp20, and Asp2'. Furthermore, Asp3 appears to be 
important to the clotting function of factor IX (Davis et al., 
1987). A mutant factor IX which has a glycine in place of 
Asp3 is deficient in a number of calcium-dependent assays 
(McCord et al., 1990). Although this evidence would seem 
to strongly implicate Asp3 in the binding of calcium, the NMR 
evidence appears inconsistent with this conclusion. Virtually 
no shift in the a- or @-protons of Asp3 is observed upon addition 
of calcium ion at pH 4.7, indicating that this residue is not 
directly involved in calcium binding. Furthermore, the 
high-affinity calcium binding constant of a factor IX mutant 
where Asp3 is replaced by glycine is similar to that of native 
factor IX (McCord et al., 1990). Thus, the role of Asp3 in 
the clotting function of factor IX is likely to involve a mech- 
anism other than direct binding of calcium. 

Role of Calcium. Calcium can act in proteins to stabilize 
a conformation or to act as a link in the assembly of a larger 
complex. The absence of a major calcium-induced effect on 
the conformation of the first EGF-like domain, as evidenced 
by the peptide's constrained structure and the overall small 
change in the proton chemical shifts in the presence of calcium, 
would seem to rule out a significant conformational role for 
calcium. On the basis of the apparent location of the calcium 
binding site in our factor IX (45-87) fragment, the only 
possible major conformational effect of calcium appears to be 
the positioning of the N-terminal portion (Tyr'-Gln6) over the 
first @-sheet. While this would not be a major effect in the 
43 amino acid fragment, in factor IX the implications of this 
potential conformation change may be significant. 

The Gla domain is fastened to a membrane surface (Furie 
& Furie, 1988; Schwalbe et al., 1989). possibly through the 
interaction of Ca2+ and the phospholipid. The N-terminal 
domain of our peptide is the connection between the Gla do- 
main and the first EGF-like domain. The consequence of 
calcium binding to the EGF-like domain results in calcium- 
dependent conformation changes that could have long-range 
conformational effects. These conformation changes, perhaps 
in concert with other molecular interactions, may be respon- 
sible for at least part of the configuration necessary at the 
membrane surface for activation and activity. Acting as a 
hinge, the residues constituting the N-terminal portion of the 
synthetic peptide could alter the relative orientation to the 
membrane surface of not only the first EGF-like domain but 
also perhaps the entire factor IX as well. McCord et al. (1990) 
have also proposed a similar calcium-dependent conformation 
change in factor IX, although the details of their proposal are 
different. 

Evidence supporting a long-range interdomain effect on 
conformation can be found in studies on a related protein. 
Protein C has a structural motif very similar to that of factor 
IX, including a Gla domain and two tandem EGF-like do- 
mains. The first EGF-like domain of this protein has been 
shown to be a site of high-affinity calcium binding (Ohlin et 
al., 1988), as in factor IX. Studies of protein C using mo- 
noclonal antibodies directed against the N-terminal portion 
have shown that the high-affinity calcium binding of the first 
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EGF-like domain enhances the antibody affinity (Orthner et 
al., 1989). These results suggest that the calcium binding in 
the first EGF-like domain of protein C may alter the con- 
formation of at least a part of the Gla domain. 

Previous NMR Study on a Related Human Factor IX 
Peptide. Handford et al. (1990), using a shorter human factor 
IX peptide (corresponding to residues 2-40), reported that the 
resonances between 4.9 and 5.7 ppm broadened as the pD was 
raised from 3 to 7.4. This broadening effect observed near 
pD 7 was reversed by the addition of calcium ion. In this 
study, the broadening may arise from the presence of multiple 
conformations in equilibrium, and the binding of calcium leads 
to a stabilization of a single conformation. However, in our 
slightly larger 43-residue peptide, we do not observe a similar 
broadening. The peptide studied by Handford et al. (1990) 
is shorter by three amino acids at the C-terminal end, and 
therefore lacks two of the amino acids involved in the second 
&sheet. The structural rigidity gained by the second 8-sheet 
which is present in our peptide, but perhaps not in the shorter 
peptide, may account for the difference in pH dependence of 
the two peptides. 

Relationship of the Secondary Structure to Other Proteins. 
Our results showing the two-@-sheet structure for the factor 
IX peptide are generally similar to structures for EGF 
(Montelione et al., 1987; Cooke et al., 1987; Kohda et al., 
1988) and TGF-a (Tappin et al., 1989, 1990; Kohda, 1989; 
Katz et al., 1989). However, the structure of this factor IX 
domain is most similar to that of the equivalent EGF-like 
domain in coagulation factor X (Selander et al., 1990), which 
shares high sequence homology (>60%) with factor IX. 

The antiparallel 8-sheet structures observed here for the 
factor IX peptide are comparable to those seen in factor X 
(Selander et al., 1990), with the exception that the second sheet 
in factor X includes only four amino acids, rather than the 
six amino acid sheet seen here. In factor X, a short segment 
of parallel &sheet, involving residues homologous to Cys'*- 
LeuI3 and A ~ n ~ ~ - C y s ~ ~ ,  is reported which brings together the 
disulfide bridges of the B- and C-loops. In factor IX, these 
residues are also close, as demonstrated by an observed 
NOESY peak between the a-protons of CysI2 and 
Further, the amide of LeuI3 is slowly exchanging, which is 
consistent with a hydrogen bond to the carbonyl oxygen of 

Our present data, however, do not permit identification 
of this third @-sheet structure. 

In addition to the 8-sheet structures, three turns are reported 
in the factor X domain, at positions homologous to residues 
7-10, 13-16, and 30-33. These turns are identified as types 
I, I, and 11, respectively. In factor IX, it is not possible to 
definitively classify the types of any of these turns, as the 
observed 3JNHa coupling constants in factor IX are not con- 
sistent with classical type I or I1 turns (Wuthrich, 1986). 

CONCLUSIONS 
The first EGF-like domain of factor IX contains two an- 

tiparallel @-sheets, similar to the structures for factor X, EGF, 
and TGF-a. Preliminary distance geometry studies indicate 
that there are two domains in the peptide, separated by Trp28, 
and that the conformation has a similar chain folding to that 
of EGF or TGF-a. 

Calcium binding appears to cause very little conformation 
change in this first EGF-like domain, with the exception of 
the N-terminal tail, which may fold across the first @-sheet 
to complete the calcium binding site. This suggests that the 
role of this previously observed high-affinity calcium binding 
may be to participate in the positioning of factor IX, rather 
than to effect a conformation change in the first EGF-like 
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domain itself. Thus, the calcium may lead to a repositioning 
of the full factor IX relative to the membrane surface, with 
the N-terminal region acting like a hinge. 
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ABSTRACT: Magic-angle spinning N M R  spectra have been obtained of the bathorhodopsin photointermediate 
trapped at  low temperature (< 130 K) by using isorhodopsin samples regenerated with retinal specifically 
"C-labeled at positions 8, 10, 11, 12, 13, 14, and 15. Comparison of the chemical shifts of the bathorhodopsin 
resonances with those of an all-trans-retinal protonated Schiff base (PSB) chloride salt show the largest 
difference (6.2 ppm) at  position 13 of the protein-bound retinal. Small differences in chemical shift between 
bathorhodopsin and the all-trans PSB model compound are also observed at  positions 10, 11, and 12. The 
effects are almost equal in magnitude to those previously observed in rhodopsin and isorhodopsin. Con- 
sequently, the energy stored in the primary photoproduct bathorhodopsin does not give rise to any substantial 
change in the average electron density a t  the labeled positions. The data indicate that the electronic and 
structural properties of the protein environment are similar to those in rhodopsin and isorhodopsin. In 
particular, a previously proposed perturbation near position 13 of the retinal appears not to change its position 
significantly with respect to the chromophore upon isomerization. The data effectively exclude charge 
separation between the chromophore and a protein residue as the main mechanism for energy storage in 
the primary photoproduct and argue that the light energy is stored in the form of distortions of the ba- 
thorhodopsin chromophore. 

Absorpt ion of light by the visual pigment rhodopsin initiates 
a photochemical reaction of the protein's 1 1 -cis-retinylidene 
prosthetic group. The first step in this reaction is an 1 1-cis 

trans isomerization of the chromophore to form the ba- 
thorhodopsin intermediate (Figure 1) (Yoshizawa & Wald, 
1963). The light energy absorbed in this process is channeled 
into the protein, where it initiates a biochemical chain of events 
leading to the closing of sodium channels in the plasma 
membrane (Stryer, 1986; Liebman et al., 1987). The amino 
acid sequence of rhodopsin has been determined and is thought 
to be folded into seven transmembrane helices (Nathans & 
Hogness, 1983; Hargrave et al., 1983; Ovchinnikov et al., 
1982). The retinylidene chromophore is found in the interior 
of the protein attached to lysine 296 via a protonated Schiff 
base linkage. Recent mutagenesis studies have shown that 
glutamate 113 is the Schiff base counterion (Zhukovsky & 
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Oprian, 1989; Sakmar et al., 1989; Nathans, 1990). The final 
step in the rhodopsin photoreaction is hydrolysis of the Schiff 
base linkage and release of all-trans-retinal from the protein. 

Various approaches have been taken to study the structure 
and environment of the retinal chromophore in rhodopsin and 
bathorhodopsin with the goal of trying to understand how the 
energy is stored in the primary photoproduct, what factors 
determine the color change upon photoexcitation, and how 
retinal isomerization is coupled to the activation of transducin, 
a GTP-binding regulatory protein. Bathorhodopsin has a 
6-s-cis, 1 1 -trans chromophore whose ground state energy is 
-33 kcal/mol above that of rhodopsin and whose absorption 
maximum (A,,, = 543 nm) is shifted to a longer wavelength 
relative to rhodopsin (Amx = 498). Several mechanisms have 
been proposed for the observation that -60% of the light 
energy absorbed by rhodopsin is stored in the batho inter- 
mediate (Cooper, 1979; Schick et al., 1987) and for the red 
shift in the visible absorption band of bathorhodopsin. The 
largest contributions are calculated to come from conforma- 
tional distortions of the retinal and charge separation between 
the positively charged Schiff base and its protein counterion 
[see Birge et al. (1988) for a recent review]. It is thus crucial 
for the understanding of the primary process of vision to 
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