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Secondary Structure of Fibronectin Type 1 and Epidermal Growth Factor Modules
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ABSTRACT: A segment of human tissue-type plasminogen activator (t-PA) corresponding to the fibronectin
type 1 (F1) and epidermal growth factor-like (G) pair of modules, residues 1-91, has been produced as
a recombinant protein in Saccharomyces cerevisiae, with a single conservative Cys to Ser substitution. The
sequence-specific assignment of the 'H and >N nuclear magnetic resonances from the pair of modules has
been completed using 2D 'H nuclear magnetic resonance (NMR) spectra in conjunction with 3D, 1*N-
edited, 'H and 2D SN-'H NMR spectra. Slowly exchanging amide protons have been identified, and
estimates of a number of backbone 3J/nyu-con coupling constants were obtained by line-shape-fitting. The
secondary structure of the F1 module in the pair closely matches that previously determined for the isolated
F1 module from t-PA, and that of the G module conforms to the “consensus” G module structure determined
previously from several isolated G modules. Inthe module pair, the residues linking the two modules appear
to form an extended §-strand, the carboxy-terminal end of which makes up a third strand of the major
3-sheet of the G module. The intermodule interface is defined by NOEs between residues in the ranges
22-24 in the F1 module and 65-72 in the G module. The NMR data indicate that there is little or no
reorientation of the two modules with respect to one another but rather that they combine with a fixed

hydrophobic contact dominated by the side chain of leucine-22.

Tissue-type plasminogen activator (t-PA)!is a blood plasma
glycoprotein with a critical role in fibrinolysis. Specifically,
it is a serine protease which catalyzes the conversion of the
zymogen Glu-plasminogen to its active form, plasmin, which
is the enzyme responsible for degrading the fibrin network of
a blood clot. Unlike other thrombolytic agents such as
streptokinase or urokinase, the action of t-PA is localized to
the site of the clot, forming a ternary complex with plasminogen
and fibrin, thus avoiding systemic fibrinolytic activation
(Weimar et al., 1981; Van de Werf et al., 1984). Despite its
favorable localization of action, t-PA has not yet been
demonstrated to have a markedly better clinical profile than
other thrombolytics (Hunt et al., 1992). This is in large part
due to its short half-life in the circulation [see Krause (1988)
and references cited therein]. Consequently, considerable
attention has focused on the structural details of the interaction
between t-PA and fibrin and of the mechanisms by which it
is cleared from the bloodstream.

Like many other blood plasma proteins, t-PA has a mosaic
gene structure (Patthy, 1985) consistent with a modular
domain patternin the expressed protein. Asa result, different
parts of t-PA share considerable homology with regions of
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other proteins (Ny et al., 1984). The mature 527 amino acid
polypeptide folds into 5 discrete structural domains which
show sequence homology to 4 previously identified modules:
the first domain resembles the type | module of fibronectin
(Bényai et al., 1983); the second, epidermal growth factor
(Campbell & Bork, 1993); the third and fourth, the kringle
(K) modules of plasminogen; and the fifth, a chymotrypsin-
like serine protease.

It has been suggested that each of the domains performs
autonomous functionsint-PA (van Zonneveld et al., 1986a,b),
a hypothesis that has been tested by domain deletion and
addition experiments in several groups (van Zonneveld et al.,
1986¢; Verheijen et al., 1986; Gething et al., 1988; Browne
etal., 1988). However, a number of more detailed mutagenesis
studies have shown that there is overlap of functionality
between the various domains. t-PA displays biphasic fibrin
binding kinetics, which led van Zonneveld et al. (1986¢) to
propose that the F1 domain governs the initial interaction
between t-PA and fibrin with the lysine-specific site in the K2
domain mediating the second phase. However, high-resolution
structure—function analysis has shown fibrin binding to be
affected by mutationsinthe F1, G, first K, and serine protease
domains but not the second K domain (Ahern et al., 1990;
Bennett et al., 1991). Three mechanisms have been proposed
for hepatic t-PA clearance: one involving N-glycosylation at
asparagine-448 in the serine protease module (Lauetal., 1987)
or at asparagine-117 in kringle 1 (Hotchkiss et al., 1988),
another involving the serpin plasminogen activator inhibitor
1 (PAI-1) (Owensby et al., 1988), and a third involving a
determinant in the G module (Bassel-Duby et al., 1992;
Nguyenetal.,, 1992). Site-directed mutagenesis studies have
shown that the glycosylation and PAI-1-independent mech-
anism can be abolished by substitutions to residues toward
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the end of the F1 domain (Ahern et al., 1990) and residues
66—69 in the G module (Edwards et al., 1989; Bassel-Duby
et al.,, 1992; Browne et al., 1990).

The solution structures of the F1 module from t-PA
(Downinget al., 1992) and three F1 modules from fibronectin
(Baron et al., 1990; Williams et al., 1993) have previously
been determined by !H NMR spectroscopy. Several G module
structures have also been determined by !H NMR spectroscopy
[see Campbell and Bork (1993) for a review] and X-ray
crystallography (Padmanabhan et al., 1993). The goals of
this work were to compare the structures of single modules
with those in the pair and to observe how the two modules
combine.

EXPERIMENTAL PROCEDURES

Expression of t-PA FI1-G. t-PA F1-G was produced by
an expression system modified from the yeast a-factor secretion
system (Brake et al., 1984). Saccharomyces cerevisiae were
transformed with the yeast/Escherichia coli shuttle plasmid
pBS4 containing the yeast a-factor prepro sequence fused
in-frame with a DNA fragment coding for the first 91 residues
of t-PA. mRNA synthesis was under the control of a galactose-
inducible promoter and the S. cerevisiae phosphoglycerate
kinase terminator. The 91-residue polypeptide was directed
into the culture supernatant by the a-factor leader (Kurjan
& Herskowitz, 1982).

Initially, expression was carried out using the S. cerevisiae
strain MC2 (a leu2-3, 112 ura3-52 trpl-1 pep4-3 prbl-
1122 prcl-407). Briefly, transformed cultures were grown in
shake flasks for 48 hin YNB medium (6.7 g/L yeast nitrogen
base supplemented with a cocktail of nucleotide precursors
and amino acids from which leucine was excluded to maintain
selection for cells transformed with the plasmid) containing
10 g/L glucose, to bulk up the biomass of the culture.
Following this, the cells were transferred to YNB containing
2 g/L glucose and 10 g/L galactose to induce expression of
t-PA F1-G into the culture supernatant. Although capable
of producing small quantities of protein, this process was not
suitable for the production of the larger quantities required
for high-resolution studies. Therefore, a 5-L high cell density
fed—batch fermentation was developed using the S. cerevisiae
strain MC101 (a leu2-3,112) transformed with the vector
pBS4. The process used conditions optimized for this strain
and consisted of two stages. Initially, the culture was grown
in a defined salts medium (containing no additional amino
acids) while being fed glucose at a predetermined rate. This
growth phase was used to produce a culture with a cell density
of ~150 Aggp units. At this point, the feed was stopped, and
galactose (100 g) was batched into the fermenter to induce
protein secretion into the culture supernatant. The culture
was harvested 24-h post-galactose addition and the supernatant
recovered by continuous-flow centrifugation.

Construction of Vectors. The plasmid pBS4 is a derivative
of pPSW6 (Pascall et al., 1991) with the HindIII-BamHI
fragment replaced by a fragment containing the portion of
the a-factor prepro sequence distal to the HindIII site fused
to the coding sequence for the F1 and G pair of modules. The
appropriate HindIIIl and BamHI restriction sites were
introduced into a M13mpl9 cDNA clone of t-PA by
oligonucleotide site-directed mutagenesis as described by
Kunkeletal. (1987). Oligonucleotide 5-GATCACTTGGT-
AAGATCTTTTATCCAAGCTTAATCGGGCATGGAT in-
troduced the HindIIIsiteand the portion of the preprosequence
distal to it so that the codon for Ser-36 of the t-PA precursor,
which corresponds to the first residue of the mature protein
(Pennica etal., 1983), immediately follows the Lys-Arg codons
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which make up the KEX 2 protease recognition site at the end
of the prepro sequence. Oligonucleotide 5-GATACCAG-
GGCCACGTAATAAGGATCCCAGGGCATCAGCTA-
C introduced two stop codons followed by the BamHI site.
The stop codons were placed to terminate translation after
Thr-91 of the mature protein, the residue immediately
preceding the first cysteine of the kringle 1 module and four
residues after the site of the fifth intron of t-PA (Friezner
Degenetal., 1986). The locations of the HindIII and BamH]I
sites in the primers are underlined. Expression of the native
t-PA F1-G polypeptide failed probably due to aggregation
through disulfide bonding caused by reduction of the free
cysteine (Cys-83); therefore, a point mutation was introduced
using oligonucleotide 5-TATTTCACAGGACTTCCCAG to
cause the substitution Cys to Ser at position 83, a substitution
known not to affect the biological activity of t-PA (Yuzuriha
et al., 1989; Suzuki et al., 1989). The base used to introduce
the point mutation is underlined. Correctly altered clones
were identified by [3*S]dATP-labeled dideoxy sequencing
using Sequenase (United States Biochemicals) according to
the manufacturer’s instructions.

Sample Preparation. The protein wasinitially concentrated
and partially purified by cation-exchange chromatography.
Yeast fermentation supernatants were adjusted to pH 5.4 by
addition of 1/4oth volume of 1 M sodium acetate, pH 5.4, and
passed through a 10-cm-diameter column packed with fast-
flow S-Sepharose (Pharmacia), preequilibrated at pH 5.4 and
4°C. Thecolumn was washed with approximately 10 column
volumes of 25 mM sodium acetate, pH 5.4, followed by 3
column volumes of 25 mM sodium acetate (pH 5.4)/0.15 M
NaCl. The protein was finally eluted with 25 mM sodium
acetate (pH 5.4)/0.5 M NaCl. The effect of each buffer
change was monitored by following the Ajgo of the flow-
through. The protein was further purified by high-perfor-
mance liquid chromatography (HPLC) on a reverse-phase
column (C18,250mm X 10 mm). The eluate fromthe cation-
exchange step was made up to 10% acetonitrile/0.1% tri-
fluoroacetic acid and loaded onto the column, a gradient was
run from 20% to 40% acetonitrile in 0.1% aqueous trifluo-
roacetic acid, and the protein was observed to elute at
approximately 35% acetonitrile as detected by A,50. Fractions
containing the protein were collected and subjected to a further
round of reverse-phase HPLC before lyophilization. The
purified protein was positively identified by a combination of
N-terminal sequence analysis and electrospray mass spec-
trometry.

NMR Analysis. Samples for NMR spectroscopy contained
approximately 2-4 mM protein in D,O or 90% H,0/10%
D,0O, pH 2.95. Spectra were recorded at 25, 30, and 35 °C
on a Bruker AM600 (600.1 MHz for 'H) spectrometer or on
spectrometers built in-house here at the Oxford Centre for
Molecular Sciences (500.1 MHz for 'H, 50.7 MHz for !5N)
interfaced with GE/Nicolet or GE/Omega computers. Mul-
tidimensional experiments were recorded with time-propor-
tional phase incrementation (Bruker) or States-TPPI for
quadrature detection in the indirectly detected dimensions.
Suppression of the solvent resonance was achieved either by
presaturation or by use of a jump-return read pulse (Driscoll
etal., 1989). 'H 2D nuclear Overhauser effect spectroscopy
(NOESY) (Kumar et al., 1980), homonuclear Hartmann~
Hahn (HOHAHA) (Braunschweiler & Ernst, 1983; Davis &
Bax, 1985), and double quantum filtered correlated spec-
troscapy (DQF-COSY) (Ranceetal., 1983) experiments, with
sweep widths of 7042.25 Hz (Bruker) or 6024.1 Hz in both
dimensions, were acquired as 2048 real points (Bruker) or
1024 complex points in f> and up to 1024 real points (Bruker)
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FiGURE 1: Examples of the NMR spectra obtained from the FI1-G pair of modules from t-PA. (A) Strips showing cross-peaks to the NH
resonance of the residues indicated, extracted from the 'H—'H planes of a !*N-edited 3D NOESY recorded with 150-ms mixing time. CaH
cross-peaks are labeled, and CaH, to NH,4, sequential NOEs are indicated by horizontal lines. (B) A portion of a 2D D,O NOESY recorded
with 150-ms mixing time. A number of CaH to CaH cross-peaks are labeled.

or 1024 complex points in f;. Mixing times between 60 and
200 ms were used in the 2D NOESY spectra. A WALTZ-
17y spin lock sequence (Bax et al., 1987) of approximately
35-ms duration was used in the 2D HOHAHA experiments.
I5N—'H 2D heteronuclear single quantum correlation (HSQC)
(Bodenhausen & Ruben, 1980) and heteronuclear multiple
quantum correlation J (HMQCJ) (Kay & Bax, 1990)
experiments with sweep widths of 1014.2 and 7042.25 Hz in
/1 and f, respectively, were acquired as 256 (£;) X 512 (¢,)
complex points. 'H, !N 3D NOESY-HMQC and HOHA-
HA-HMQC (Messerle et al., 1989; Driscoll et al., 1990)
experiments with sweep widths of 5376.34,1014.2,and 7042.25
Hz in f}, f2, and f3, respectively, were acquired as 128 (¢;) X
32 (t2) X 512 (t3) complex points. Each 3D spectrum was
recorded with 8 scans per increment over a period of about
3 days. A mixing time of 150 ms was used in the NOESY-
HMQC experiment, and a DIPSI-3 (Shaka et al., 1988)
composite pulse sequence of approximately 32-ms duration
was used in the HOHAHA-HMQC experiment. Data
processing was performed using the FELIX 1.1 and 2.05
software packages (Hare Research Inc.) on Sun workstations.

RESULTS

An expression system, using a defined growth medium
suitable for isotopic labeling and giving adequate yields, was
successfully developed for producing the t-PA F1-G pair of
modules in S. cerevisiae. In conjunction with a simple and
efficient purification protocol, yields of approximately 20 mg
of pure protein per liter of culture medium were obtained.

The sequence-specific assignment of the F1-G pair of
modules from t-PA was initially attempted using only 2D
data; however, even with the assistance of the assignments of
the F1 module made previously (Downing et al., 1992), overlap

of the 'H resonances prevented a complete assignment. Two
problems in particular contributed to these difficulties. First,
the part of the fingerprint region between 8.3 and 8.6 ppm in
J2 was particularly difficult to interpret, containing cross-
peaks to 21 NH resonances. For nine of these residues, the
intraresidue NH to CaHH cross-peaks were partly or wholly
overlapped with the CaH resonances lying between 4.5 and
4.8 ppm. Second, many cross-peaks to the NH protons of
residues in the F1 module showed evidence of significant
exchange-broadening due to the effect of an unidentified
conformational equilibrium. Therefore, a strategy using 3D
heteronuclear experiments for resonance assignment (Driscoll
etal., 1990) was adopted involving the production of uniformly
I5N-labeled protein. Despite the problems mentioned with
the fingerprint region of the 2D spectra, generally good quality
2D D,0 and 3D spectra were obtained (Figure 1).

The heteronuclear experiments were used to correlate CaH
resonances with 1’N and 'H resonances of the backbone amide
group of the same residue. The 3D spectra permitted the
unravelling of most of the overlap problems seen in the 2D
spectra, with the cross-peaks to only a few pairs of NH
resonances remaining unresolved in the !*N dimension. Where
possible, spin system assignments were extended to the side-
chain resonances through homonuclear correlations in 2D and
3Dspectra. Thesequence-specific assignment of the backbone
resonances of all residues was completed by the analysis of
strong sequential NOEs observed between the CaH and CSH
resonances of one residue and the amide proton resonance of
the following residue (Wiithrich, 1986). In addition, almost
all side-chain resonances were assigned unambiguously. A
list of proton chemical shiftt assignments is given in Table 1,

Wherever possible, assignments were made for cross-peaks
in the various spectra, and, from the shorter mixing time
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FIGURE 2: Summary of sequential- and medium-range backbone NOEs, slowly exchanging amide protons, and measurable high (>8.5Hz)
3JNH-ceH values. The bars join residues i to i+# as indicated with the width of the bar corresponding to either a strong, medium, or weak NOE,
categorized by the relative cross-peak intensity. An unfilled bar is used to denote an NOE to the C6H protons of a proline residue.

NOESY spectra, interproton distances were derived and
classified as short, medium, or long depending on the relative
cross-peak intensities. This gave rise to 14 CaH to CaH
NOEs, 38 NH; to CaH; (where |i - j| > 4) NOEs, and 17 NH;
to NH; NOEs (where |i - j| > 4).

Estimates of a number of backbone coupling constants
(*JNH-con) were made by fitting simulated line shapes to cross
sections of peaks taken from MHQC]J spectra (Kay & Bax,
1990). Those giving coupling constants greater than 8.5 Hz

are shown in Figure 2. In addition, 33 slowly exchanging
amide protons were identified by lyophilizing a sample from
aqueous solution, redissolving it in D,O, and immediately
acquiring a 2D HOHAHA experiment.

DISCUSSION

The elements of regular secondary structure of a protein
can be identified from the pattern of sequential-, medium-,
and long-range NOEs along with backbone 3/yu-cay values
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Table 1: Proton Resonance Assignments of t-PA F1-GF at 298 K and pH 2.954

residue NH CaH CSH other
Ser-1 - 447 4.06, 3.92

Tyr-2 8.58 4.60 3.00, 2.94 2,6H 7.08, 3,5H 6.78

Gln-3 8.23 4.30 1.96, 1.84 CvyH 2.24*, NH -

Val-4 8.16 4.02 1.94 CvH; 0.84,0.74

Ile-S 7.57 4.70 1.82* CvH 1.22, 1.00, CyHj; 0.74, C5H; 0.68
Cys-6 8.97 4.80 3.00, 2.68

Arg-7 8.57 4.72 1.60, 1.43 CyH 1.24, 1.14, C6H 3.04, 3.00, NH 7.16
Asp-8 8.54 4.73 3.03,2.25

Glu-9 8.95 4.04 2.13,2.06 CyH -

Lys-10 8.61 4.32 2.05, 2.00 CyH 1.49*, C6H 1.70*, CeH 3.00*
Thr-11 7.87 4.33 4.36 CyH;1.28

Gin-12 8.10 3.74 2.16* CyH -, NH -

Met-13 7.42 4.28 1.56,1.32

Ile-14 7.53 4,27 1.42 CyH 0.80*, CyH; 0.61, C6H; 0.66
Tyr-15 8.55 4.45 2.68, 1.80 2,6H 5.96, 3,5H 5.82

Gln-16 8.52 4.36 1.75* CvH 2.38, 2.34, NH 7.55, 6.71
Gin-17 8.28 4.16 1.94,1.78 CyH 2.21*, NH -

His-18 9.13 4.13 - 2H-,4H -

Gln-19 8.43 4.62 2.42% CyH 2.65*, NH -

Ser-20 8.42 5.70 3.55%

Trp-21 8.60 4.70 3.00,2.86 2H 6.54, 4H 6.21, 5H 6.38, 6H 6.25 7H 6.83 NH 9.76
Leu-22 8.14 5.32 1.51,1.06 CyH 1.58, C6H; 0.73, 0.62
Arg-23 9.09 5.04 1.79* CvH 1.66, 1.62, C6H 3.32,3.19, NH -?
Pro-24 4.60 2.13* CyH 2.24*, CéH 3.74*

Val-25 8.28 4,04 1.88 CyH3 0.84,0.73

Leu-26 8.37 4.12 1.65*% CvH 1.53, CéH; 0.92, 0.88
Arg-27 8.69 4.04 1.95,1.88 C~yH 1.57*, CéH 3.20*%, NH 7.22
Ser-28 7.89 4.59 3.81,3.67

Ash-29 8.38 473 2.89* NH 6.81, 2.90

Arg-30 8.06 4.61 1.73,1.59 CyH 1.48*% C6H 3.11*, NH 7.15
Val-31 8.85 4.49 1.84 CyH;0.72, 0.66

Gln-32 8.57 4.70 1.76, 1.61 CyH -, NH -

Tyr-33 8.79 471 2.44,2.38 2,6H 6.57, 3,5H 6.31

Cys-34 8.41 4.87 0.91, 0.04

Trp-35 7.88 5.02 2.85% 2H 7.03,4H 7.19, 5H 6.85, 6H 6.96, TH 7.06 NH 9.90
Cys-36 8.37 482 3.45,2.96

Ash-37 8.63 4.73 2.79* NH 7.45, 6.97

Ser-38 9.62 3.84 4.07,3.79

Gly-39 6.92/6.86 4.20, 3.60

Arg-40 7.46 4.58 1.74* CvH 1.53*, CéH 3.18, 3.09, NH -
Ala-41 8.76 4.51 CBH; 1.34

Gin-42 8.76 4,50 1.74, 1.66 CyH 2.15*%,NH -

Cys-43 8.77 5.97 2.89, 2.44

His-44 9.01 4,94 3.35* 2H 8.47,4H 7.32

Ser-45 9.01 4,78 3.83*

Val-46 8.62 5.04 2.24 CvyH;3 0.94, 0.77

Pro-47 4,72 2.35,1.85 C+H 2.08*, C6H 3.86, 3.73

Val-48 8.06 497 1.91 CyH; 0.70, 0.64

Lys-49 8.97 4.77 1.86,1.68 CyH 1.22,1.13, C6H 1.53* CeH -
Ser-50 8.45 4.53 3.90, 3.81

Cys-51 8.07 4.39 3.59,2.91

Ser-52 8.55 4,18 3.88,3.83

Glu-53 7.36 4.69 1.93,1.60 CyH 2.20*

Pro-54 4.29 2.01* C+H 1.89*, CéH 3.60, 3.52
Arg-55 7.20 4.01 1.08* CyH 1.19, 0.84, C6H 2.36, 2.23, NH 6.85
Cys-56 7.72 4.57 2.54*

Phe-57 8.57 4.57 3.13,2.59

Asn-58 9.04 3.98 2.02, 1.39 NH -

Gly-59 8.42 4.00, 3.54

Gly-60 7.62 4.45,3.54

Thr-61 8.38 4,43 4,11 CyH; 1.17

Cys-62 9.03 5.14 3.27,3.05

Gln-63 9.20 4.87 1.86,1.71 CyH 2.13*%*, NH 7.42, 6.59

Gln-64 9.19 4.98 2.15,1.82 CyH 2.38,2.28, NH 7.79, 6.79
Ala-65 8.07 4.36 CBH; 1.16

Leu-66 7.87 3.74 0.87,0.78 CyH 0.97, C6H; 0.66, 0.60

Tyr-67 7.91 4.60 3.14, 2.53 2,6H 7.02, 3,5H 6.74

Phe-68 7.25 4.82 3.23,2.81 2,6H 7.00, 3.5H 7.04, 4H -

Ser-69 8.62 4.45 3.94*

Asp-70 7.69 4.85 2.63,2.56

Phe-71 8.27 5.54 3.17,2.85 2,6H 7.12, 3,5H 7.34,4H 7.25
Val-72 9.36 4,48 1.98 CyH;0.97,0.75

Cys-73 8.80 5.58 3.12,2.65

Gin-74 9.13 4.60 2.13,2.03 CyH 2.25*, NH 7.51, 6.79

Cys-75 9.01 5.18 3.06, 2.75

Pro-76 4.66 2.46, 2.10 CvyH 2.22, 2.00, CéH 3.33*
Glu-77 8.44 4.09 2.06, 1.97 C+H 2.45*

Gly-78 8.64 3.99, 3.29
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Table 1 (Continued)

residue NH CaH CgH other

Phe-79 7.92 5.67 311,276 2,6H 7.02,3,5H 7.18, 4H -
Ala-80 9.47 4.81 CfAH: 1.33

Gly-81 8.09 4.76,3.84

Lys-82 9.12 4.06 2.01* CyH 1.51, 1.43, C6H 0.77*, CeH 1.67*
Ser-83 8.52 5.59 427,411

Cys-84 7.72 433 3.83,3.09

Glu-85 9.62 4.14 2.24,2.02 CyH 2.56*

lle-86 8.66 4.15 1.43 CvyH 1.04*, CyH; 0.71, C6H; 0.78
Asp-87 8.85 4.67 3.03,2.73

Thr-88 8.39 4.18 4,24 CyH;30.97

Arg-89 7.84 4.15 1.78,1.73 CyH 1.52%, CéH 3.09*, NH 7.17
Ala-90 7.94 4.32 CBH; 1.34

Thr-91 7.86 4.34 CyH; -

@ Chemical shifts are given in ppm with respect to TSP; (-) indicates unassigned or unobserved resonances; an asterisk indicates protons with
degenerate chemical shifts.

FIGURE 3: Representation of the backbone atoms of g-strands of F1-G deduced from backbone to backbone NOE and slowly exchanging
amide proton data. Sequential and interstrand connectivities are denoted by double-headed arrrows whose width corresponds to either weak,
medium, or strong NOEs. Putative hydrogen-bonding patterns for slowly exchanging backbone amide protons are denoted by grey boxes.

(Wiithrich, 1986). Figure 2 summarizes the sequential- and
medium-range NOE data observed for the F1-G pair of
modules from t-PA. The data exhibit a large number of strong
sequential CaH to NH NOEs and an absence of NH to NH
NOE:s as expected for a structure that is largely composed of
B-sheets. The features of the F1 module consensus structure
(Baronetal., 1991) are, from the N-terminus, a short double-
stranded antiparallel B-sheet followed by a longer triple-
stranded antiparallel §-sheet. The twosheets are constrained
to fold together, enclosing a conserved hydrophobic core by
asingle disulfide bond, with another disulfide linking the second
and third strands of the major 8-sheet. The dominant features
of the G module consensus structure (Campbell & Bork, 1993)
are, from the N-terminus, two loops and two regions of double-
stranded antiparallel 3-sheet. The structure is constrained

by three disulfide bonds, two of which anchor the start of each
of the loops (residues 7-17 and 15-17 in EGF) to the first and
second strands of the major S-sheet, respectively, while the
third causes the minor 3-sheet to fold back on the major 8-sheet.
The pattern of strands and turns derived from the NMR data
is entirely consistent with the consensus G and F1 module
structures. Figure 3 shows the pattern of sequential and
interstrand NOEs and putative hydrogen bonds, deduced from
CaH to CaH NOEs and slowly exchanging amides, which
define the sheets.

Figure 4 shows two representations of the chemical shift
data for the t-PA F1-G pair of domains which illustrate that
the structure contains F1 and G modules with consensus
secondary structure. Figure4A shows that the CaH chemical
shift values for the F1 module in the pair of domains match
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FiGURE4: Secondaryshiftsof CaH protons. (A) Difference between
the observed and random-coil chemical shifts (Wishart et al., 1992)
of CaH protons plotted for F1-G (circles), for F1 single (1-50)
(Downing et al., 1992) (squares), and for an aligned subset of residues
from hEGF (Cooke et al., 1990) (diamonds). Note the change in
secondary shift for residues 47-50 (see text). (B) Chemical shift
index for F1-G according to the method of Wishart et al. (1992)
with the predicted 8-strands shown by solid arrows and the §-strands
for which interstrand NOEs and slowly exchanging amides are
observed shown by dashed arrows.

those of the isolated t-PA F1 module very closely while the
CaH secondary chemical shift values (defined as their
difference between the observed CaH shift and the random-
coil value for that residue) for the t-PA G module follow
similar trends to those of an aligned subset of residues from
EGF. Wishart et al. (1992) have shown that, for Ca protons,
the secondary chemical shift correlates strongly with the
secondary structure in which a residue is found. Figure 4B
shows an analysis of the chemical shift index. The profile
clearly shows the §-strand structure consistent with the
consensus module structures.

The NMR spectra exhibit a number of interesting features
which indicate that a number of dynamic processes may be
at work in the F1-G pair of modules. Most noticeably, two
distinct chemical shifts are observed for the amide proton of
Gly-39 which displays resonances which are broadened in
both 'SN and 'H dimensions. The residues in the minor 3-sheet
of the F1 module also have anomalously broadened N
resonances. A fuller treatment of the dynamics of the molecule
will be presented shortly.

[t is interesting to consider the way the modules of a mosaic
protein intteract with one another. The “phase 17 class of
modules (Patthy, 1991) have largely been shown to be
autonomously folding domains with a correspondence between
exon structure and units of secondary and tertiary structure

Smith et al.

FIGURE 5: Schematic representation of the F1-G pair of modules
from t-PA. Residues that form the consensus sequences for each
module are shaded. Disulfide bonds are indicated by chevrons. The
locations of the phase | introns are indicated by large arrows. Putative
hydrogen bonds are represented by shaded boxes. Note that the last
three residues encoded by the F1 exon appear to form part of the
secondary structure of the G module.

(Patthy, 1991; Baron, 1991). With a sequential pair of
modules from a mosaic protein, there are two sets of
interactions which may govern their relative orientation: the
first involves the sequence of residues that fall between the
carboxy-terminal end of one module and the amino-terminal
end of the next; the second involves residues which are distant
from the linker in the primary sequence.

In the F1-G pair of modules from t-PA, the intron between
the F1 and G modules falls in Ser-50 (see Figure 5), making
the linker between the modules a difficult one to define. The
last residue of the isolated F1 module to be structurally well-
defined is Val-46 (Downing et al., 1992), so we might expect
residues 47-50 to form a flexible linker similar to that seen
between C modules in the complement protein factor H
(Barlow et al., 1993). G modules usually have four to five
residues between the intron and the first Cys (residue 51 in
t-PA); in t-PA, this G module leader is absent because the
intron falls in Ser-50. Our data suggest that Pro-47 to Ser-50
forms a structured, extended strand which adds a short third
@-strand to the G module major -sheet. This interaction is
defined by several NOEs including CaH to CaH NOEs
between Val-48 and Ala-65 and by putative hydrogen bonds
between Lys-49 and Gln-64.

The change of structure for residues 47-50, from random
coil in the isolated F1 module to g-sheet in the F1-G pair of
modules, is further exemplified by the change in CaH chemical
shifts (see Figure 4). The CaH chemical shift is a sensitive
indicator of secondary structure (Wishart et al., 1991), with
resonances shifted upfield from random-coil values indicative
of a-helix and downfield shifts indicative of 8-sheet confor-
mations. In the F1-G pair of modules from t-PA, the CaH
chemical shifts of residues 47—50 move downfield from 4.35,
3.90, 4.21, and 4.12 ppm, respectively, in the isolated F1 to
4.72,4.97,4.77, and 4.53 ppm, taking them from secondary
shift values typical of random-coil (47, 48) or «-helical (49,
50) conformations to secondary shift values indicative of
3-sheet (47-49) or random-coil (50) conformations.

The intermodule interface is implicitly defined in part by
the shortness of the linker between the two modules; only
Pro-47 appears to be unconstrained by involvement in the
secondary structure of one or the other module. This alone
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would not greatly restrict the relative reorientation of the
modules. The observation of a number of NOEs between
residues 2224 and 65-72 suggests that the relative orientation
of the modules is fixed. In order to accommodate these long-
range NOE restraints, it is likely that the pair of modules
folds together to form a compact globular structure.

From the secondary structure data presented here, we can
see that residues 65-69, which have been postulated to be
involved in binding to the t-PA-specific hepatocyte receptor
(Basel-Duby et al., 1992; Browne et al., 1990), do indeed lie
in the turn between the two strands of the G module major
B-sheet. Additionally, the observed secondary structure places
residues 44-49, mutations to which also affect t-PA clearance
(Ahern et al., 1990), close to this turn. Further insight into
those residues responsible for fibrin binding and the deter-
minants of the hepatocyte receptor binding site should come
from knowledge of the full solution structure of the F1-G pair
of modules, work which is in progress at present. The solution
of the structure of the F1-G pair of modules should also
contribute to the debate over the conformation of intact t-PA.
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