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1. Introduction

Although variation at the amino acid sequence
level has limitless possibilities, it has become clear
that variation at the level of protein folds is quite
limited.* One of the most striking features of this
observation is the identification of repeated protein
domains or modules in various genomes. A protein
module can be defined as a contiguous sequence that
folds to form a compact globular unit; modules appear
over and over again in diverse contexts; their number
is finite (several thousand), and they are usually less
than about 300 amino acids in length.?

There are now excellent databases with compiled
information about module distribution, sequences,
and structure; see, for example, Interpro (http:/
ebi.ac.uk/interpro) and SMART (http://smart.embl-
heideberg-de). In general, about half of all the
identified modules have a known structure.® Deter-
mining the folds of those modules that have yet to
be characterized is an attractive target for structural
genomics projects.* The 15 most common modules in
the human genome (http://ebi.ac.uk/proteome) are
listed in Table 1. It can be seen that all of these have
known structure and that NMR has contributed to
structural knowledge about all of them, in some cases
many times over.

2. How Modules Are Used in Biology

Modules represent convenient and stable protein
scaffolds that have been retained during biological
evolution. This scaffold is the stable evolutionary
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entity; other features, such as the nature of the
binding surface and the ways in which the modules
are assembled, can evolve and change relatively
rapidly to provide a range of functions. Once biology
has adopted a convenient module, it can be used in
a variety of ways.®> One of the main uses of modules
seems to be to provide a binding surface to facilitate
interactions among a wide range of macromolecules.
New modules can be inserted into proteins readily,
and they are sometimes used as spacers to present a
binding function in the right position. Modular
proteins seem to facilitate the construction of large
dynamic complexes that assemble and disassemble.
Some connections between modules are found to be
relatively rigid, while, in other cases, the interface
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Table 1. The 15 Most Common Domains in the Homo sapiens Genome?

InterPRo LMatches per Name Symbol NMR pdb files

enome/(protein) (SMART)
IPROOTITO 6253 (1060) | Immunoglobulin-like o Ttit, Icis, 1gsv, Twit
IPRO0O7087 29334 (962) |Zn-finger, C2H2 type C 4znf, Tard, 1bbo, 1bhi, 1fv5, 1jn7, 1jm7, 1klr, Incs, Injq*
IPR0O01841 1194 (387) | Zn-finger, RING i -"_'_R-E Ibor, Iche, ledu, 162, 1225, liym
IPRO06209 3170 (368) |EGF-like domain ladx, 1dgb, legf, lepg, Thae, 1gkS, lhre, liox, yuf, 1b9*
IPR001849 1150 (364) | Pleckstrin-like E" lawe, Ibak, Idro, 1fho, Imph, 1pls, 1pms
IPRO00504 1809 (346) |RNA-binding motif RNP-1 <‘> laud, 1d8z, 1d9a, 1dz5, 1fht, 11j7, 1fnx, 1hd0, 1u2f, ligt*
IPR002048 1945 (316) |Calcium-binding EF-hand E ) 1aj4, 1ak8, 1blg, 1boc, 1c7w, lede, 1cff, lemf,Icmg, 1ckk*
IPRO01452 2247 (293) | SH3 domain BD laOn, laey, lark, lawj, lawo, laww, laze, 1pnf, lazg, Shek*
IPR0O01356 1495 (259) | Homeobox 1ahd, 1bw5, 1du6, 1f43, 1ft, 1ftz, 1hdp, 1hom, 1lfu, in3*
IPR0O03961 1932 (243) | Fibronectin, type III ‘m 1uf, 1bj8, 1bpv, 1c8p, 1j8k,1k85, 1lwr, Imfn, 2fnb
IPR0O00210 539 (215) | BTB/POZ T 1qqi
IPRO01478 1079 (210) | PDZ/DHR/GLGF (f) 1b8q,1d5g, 1gml, 1i16, 1iu0, 1kef, Im5z, 1n7t, 1qlc, 2pdz*
IPR0O05225 187 (187) |Small GTP-binding protein = 1aad, lcrp
IPRO00008 877 (182) | C2 domain > | toci.tbyn, 1k5w, 3150
IPR0O02126 4821 (178) | Cadherin o 1suh

a For the cases with an *, there are more than 10 different NMR-determined structures in the PDB (http://www.rcsb.org/pdb/).
The information about Interpro domains (http://www.ebi.ac.uk/interpro) was derived from http://www.ebi.ac.uk/proteome/in
November 2003. The SMART symbols were extracted from http://smart.embl-heidelberg.de/except Fn3 where the color is changed

for convenience.

is highly flexible. Flexible connections are of particu-
lar importance in cases where function is regulated
by module rearrangement. Generally, although there
are exceptions, the conformation of individual mod-
ules does not change significantly in different states,
although the protein as a whole may undergo large
shape changes. Some examples of these aspects of
module usage will be given here.

3. The Role of NMR

As can be seen from Table 1 where the common
modules in H. sapiens are listed, NMR has made a
major contribution to the determination of the struc-
tures of individual modules in the last 15 years. In
many ways, however, its main strength and likely
future role will be to provide information that is
complementary to that provided by X-ray crystal-
lography. Particularly important, in this regard, is
the definition of weak binding interactions and the
characterization of intermodule dynamics.

3.1. Definition of Binding Sites and Complexes

With isotope labeled proteins, HSQC and TROSY
experiments can rapidly and conveniently monitor
perturbations caused by ligand interactions.® Reso-
nances shift or broaden selectively on complex forma-
tion. With an assigned spectrum, the induced shifts
can be used to identify the location of binding sites
on a known structure (chemical shift mapping). This
is a powerful tool that is relatively quick and easy to
use. TROSY-type experiments have been applied to
protein—protein complexes as large as 900 kDa.”
Other important mapping methods include cross
saturation from a relatively large protein to a deu-

terated protein® and monitoring induced changes in
solvent amide exchange rates in the presence of
ligand (see, e.g., ref 9).

The ultimate goal in NMR studies of protein ligand
complexes is to define the structure of the complex.
An elegant early example was the determination of
a calmodulin peptide complex'® that involved domain
rearrangement around a peptide ligand. The obser-
vation of NOEs between protein and ligand is facili-
tated by differential isotope labeling, and a variety
of elegant NMR methods have been developed to
select between labeled and unlabeled protein.'t A
recent example from our own work is the determi-
nation of a complex between two protein modules
from fibronectin and a peptide from a pathogenic
bacterium.!? Better use of chemical shift information
and implementation of soft docking programs are
likely to having an increasingly important impact in
studies of complexes (e.g., ref 13).

3.2. Intermodule Dynamics and Orientation

In crystallography, relative module orientation is
necessarily restricted. It has become clear, however,
that combinations of modules can have considerable
flexibility in solution. NMR can monitor module—
module interactions in various ways. Direct contacts
across modules can be measured by shift mapping
just as with ligand interactions (see, e.g., the case of
three contiguous modules from the collagen-binding
region of fibronectin, also discussed below?). Direct
intermodule contacts can also be observed by NOEs
across the interface, although in many cases these
intermodule NOES are rather sparse.

In recent years, two new methods have been
introduced that give longer range orientation infor-
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mation. Proteins can be weakly aligned in a magnetic
field, using a variety of alignment media.® This gives
rise to residual dipolar couplings (RDC) that provide
long-range information, complementary to that pro-
vided by shift maps and NOEs. For example, >N—H
RDCs give information about the orientation of the
NH bond angle with respect to parameters that
define the average alignment of the protein in the
alignment medium (alignment tensors). The relative
orientation of a module pair can be derived from
analysis of the alignment tensors of the entire
molecule and the individual modules.'5~8 Differences
in the magnitudes of the principal values of the
alignment tensors of individual modules in a pair can
also be used to give information about intermodule
flexibility.*®1° An interesting recent extension of this
methodology was the combined use of RDCs and
small angle scattering to define the assembly modes
of calmodulin.?®

It is also possible to obtain information about
intermodule orientation and flexibility by analysis of
relaxation data.?’>* One useful procedure is to
measure T; and T, relaxation of >N and/or **C atoms
in isolated modules and modules in a module pair.?4-26
By using a set of residues that is representative of
the overall motions, one can obtain estimates of the
diffusion parameters of the various module combina-
tions, under identical experimental conditions. Com-
parison of the diffusion tensors of the isolated mod-
ules with the diffusion tensors of the individual
modules in the module pair allows qualitative as-
sessment of intermodule motion. More quantitative
information can be obtained by analyzing data ac-
quired at multiple magnetic field strengths.?” An
interesting recent example of the use of this meth-
odology was the analysis of the dynamics of two KH
modules in complex with DNA.%8

4. The Scope of This Review

Because structure determination of individual mod-
ules is relatively advanced and because there are a
very large number of examples in the literature, this
aspect is not discussed in any detail here. Our main
intention is to discuss the biological context of
modular proteins and the ways in which NMR can
be used to study interactions between modular
proteins and their various ligands as well as inter-
module orientation and flexibility. To further reduce
the scope to manageable proportions, we have re-
stricted the main illustrative examples to literature
on extracellular modular proteins. We have also
mainly left discussion of NMR methodology to other
contributors in this volume.

5. Fibrillin-1

Fibrillin-1 is a major structural component of the
10—12 nm beaded microfibrils in the extracellular
matrix of elastic and nonelastic tissues. This 350 kDa
protein has a modular architecture consisting mainly
of tandem arrays of calcium-binding epidermal growth
factor-like modules (cbEGF) interspersed with single
transforming growth factor g-binding protein-like
(TB) modules.?® Genetic mutations that cause amino
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Figure 1. Solution structures of coEGF module pairs from
human fibrillin-1. Ribbon diagrams of the lowest-energy
structures of cbEGF12-133% and cbEGF32-33%! are depicted
above and below the mosaic structure of fibrillin-1. Regions
of secondary structure are shown in green, with disulfide
bonds in yellow, Ca?* ions in orange, the calcium ligating
residues at the N-terminal end of each module in light blue,
and the conserved aromatic residue that forms the inter-
module interface in pink.

acid changes within fibrillin-1 have been linked to
Marfan syndrome (MFS), a relatively common con-
nective tissue disorder that affects ~1/5000 individu-
als in the population.®® To date, no clear genotype—
phenotye relationships have been derived for these
MFS mutations, but knowledge of the structure,
function, and dynamics of fibrillin-1 should help to
explain their molecular basis.

Each of the cboEGF modules in fibrillin-1 includes
the calcium-binding consensus sequence D/N—X—D/
N—E/Q—Xy,—D/N*~X,—Y/F, where m and n are
variable and an asterisk indicates possible posttrans-
lational addition of a 5 hydroxyl group.?® The module
also contains six cysteine residues which form three
disulfide bonds in a 1—3, 2—4, and 5—6 arrangement.
Multiple X-ray crystallographic and NMR studies
have shown that the secondary structure of the
cbEGF module comprises two regions of double-
stranded f-sheet, and a loop between the first and
second cysteine residues that is sometimes observed
to have a-helical character.3! The calcium chelating
residues are clustered toward the N-terminal end of
the elongated EGF module (Figure 1).

The 69—78 residue TB modules contain eight
cysteine residues including an unusual cysteine
triplet. The NMR solution structure of TB6 from
human fibrillin-1 identified a novel globular fold of
six antiparallel -strands and two a-helices with the
cysteine triplet buried in the hydrophobic core.®? The
four disulfide bonds are paired in a 1-3, 2—6, 4—7,
and 5—8 arrangement, with the 2—6 and 4—7 bridges
solvent exposed. An RGD motif in TB4 of fibrillin-1
mediates cell binding via aVA3 integrin and is
predicted to be located on the solvent-exposed tip of
a f8-hairpin based on the coordinates of TB6.%2 There
have been no reports of calcium binding to the TB
module.
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Table 2. Calcium Dissociation Constants for
Fibrillin-1 Fragments by NMR

fragment module Kq value ref
CbEGF12-13 CbEGF12 1.6 mM 38
cbEGF13 <30 uM
cbEGF13-14 cbEGF13 3mM 67
cbEGF14 <100 uM
CbEGF32 CcbEGF32 4.3 mM 33
TB6-chEGF32 cbEGF32 1.6 mM 68
cbhEGF32-33 cbEGF32 9.2mM 37
cbhEGF33 350 uM

The supermolecular structure and proteolytic sus-
ceptibility of the 10—12 nm beaded microfibrils are
profoundly affected by calcium binding. An explana-
tion for this behavior requires knowledge of the
calcium-binding affinity of individual cbEGF mod-
ules, and how this affinity is modulated by module—
module interactions. The affinity of coEGF-contain-
ing protein fragments for calcium has been determined
by one- and two-dimensional NMR, equilibrium
dialysis, intrinsic protein fluorescence, and chro-
mophoric chelator analysis. However, of these, only
NMR allows definitive assignment of Kq values to
specific modules when studying constructs containing
multiple binding sites. As shown in Table 2, NMR-
monitored Ca?*-titrations of coEGF modules from
fibrillin-1 have yielded Kq4 values ranging from <30
uM to 9 mM.337%7 |n each case, the chemical shift of
Ho proton resonances of the consensus tyrosine/
phenylalanine residue were observed with increasing
CaCl, concentration, because the calcium on—off
rates were fast enough to obtain “fast exchange”
NMR conditions. Taken together, the results reveal
that the calcium-binding activity of a cbEGF module
is dramatically enhanced by the linkage of a second
cbEGF module to the N-terminus (e.g., cbEGF12-13
versus cbEGF13), but addition of a TB module to the
N-terminus produces only a modest improvement
(e.g., TB6-cbEGF32 versus cbEGF32). In chEGF12-
13 and chEGF32-33, the dissociation constants of the
C-terminal modules (<30 uM for cbEGF13 and 350
uM for coEGF33) ensure near-complete occupancy of
the sites at physiological calcium levels.

The structural basis for this calcium-binding en-
hancement in cbEGF module pairs of fibrillin-1 has
been investigated through the structure determina-
tion of the cbhEGF32-33 and cbEGF12-13 module
pairs by NMR.3%38 The two structures were solved
using identical methodology, with ensembles calcu-
lated from interproton NOEs and backbone dihedral
restraints. In both the coEGF32-33 and the cbhEGF12-
13 module pairs, the two modules are organized in a
well-defined, rodlike conformation, which is stabilized
by hydrophobic packing interactions (Figure 1). The
similar arrangement of the two cbEGF module pairs
is evident from the intermodule “tilt” and “twist”
angles: 30° + 15° and 152° + 13° for chEGF12-13,
and 18° 4+ 6° and 159° + 6° for coEGF32-33. The
intermodule packing interactions involve a conserved
aromatic residue at the open end of the minor -sheet
of cbEGF12 or cbhEGF32, packing against the top of
the major S-sheet of coEGF13 or chEGF33, respec-
tively. In each case, the calcium ion is localized to
the module—module interface, where it may play a
role in stabilizing the superstructure of the pair.

Pickford and Campbell

Recent investigations of the backbone dynamic
properties of the cbEGF32-33 and cbhEGF12-13 pairs
have shown that the vicinity of the cbEGF33 and
cbEGF13 calcium-binding sites, localized to the in-
termodule interfaces, are the most stable regions of
the protein fragments.383° For each protein, longitu-
dinal (T;) and transverse (T;) relaxation time con-
stants and the steady-state *H—!N NOEs of all
nonoverlapped amide resonances were measured
under conditions of saturating calcium and were used
as input for model-free analysis of the internal
dynamics (Lipari and Szabo, 1989a,b). A reduced
NOE value was not observed for the single linker
residue in either cbEGF12-13 or chEGF32-33, indi-
cating that fibrillin-1 coEGF module pairs possess a
rigid intermodule linker when saturated with Ca?*.

For chEGF32-33, and to a lesser extent for chE-
GF12-13, numerous residues in a “lobe” of the N-
terminal module (cbEGF32 or cbEGF12), containing
the low affinity calcium-binding site and encom-
passed by the 1—-3 and 2—4 disulfide bonds, were
found to possess significantly smaller T, values (and
higher Rex terms) than the rest of the protein,
indicative of motion on the microsecond to millisecond
time-scale.®83° These effects were not seen for the
equivalent lobe of the C-terminal module (cbEGF33
or cbEGF13) which contains the high affinity calcium-
binding site. Therefore, the intermodule interface in
cbEGF module pairs appears to stabilize the calcium-
binding site of the C-terminal module.

Backbone amide groups with high *H—N NOE
and minimal exchange contributions (Rex) were se-
lected for determination of the magnitude and ori-
entation of the diffusion tensors. In each case, the
relaxation data were best fit to a prolate, symmetric
top model, as expected from the atomic coordinates
(Figure 1). For cbEGF32-33, the diffusion tensor was
found to align well with the inertia tensor, but had
a lower than expected axial ratio (Dy/Dp) of 1.55:1
which was primarily attributed to the significant
flexibility observed in the N-terminal lobe of the
cbEGF32 module.3'3° The cbhEGF12-13 module pair,
which has significantly higher Ca?*-binding activity
than cbEGF32-33, exhibited increased anisotropy
with an axial ratio of 1.9:1, indicating that the
N-terminal lobe of cbEGF12 in cbEGF12-13 has a
more rigid structure.®® This correlation of reduced
dynamics with increased calcium binding was sup-
ported by a comparison of the holo and apo forms of
the cbEGF32-33 pair, which showed increased motion
on the microsecond to millisecond time-scale in the
absence of calcium, particularly for residues of cbE-
GF33.%®

6. Fibronectin

The extracellular matrix glycoprotein fibronectin
is a large, multifunctional molecule involved in
adhesion and migration events in a range of impor-
tant physiological processes such as embryogenesis,
wound healing, haemostasis, and thrombosis.*® As a
soluble dimer in plasma, it is involved in blood
coagulation through its affinity for fibrin and plate-
lets. As an insoluble network in the extracellular
matrix, it interacts with cell surface receptors and
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Figure 2. Structures of human fibronectin fragments that
have been investigated by NMR. Ribbon diagrams of the
lowest-energy solution structures of 1F12F1-B3,12 4F15F1,41-43
and 6F11'F22F24 are shown together with fragments of the
crystal structures of "F38F3°F310F349 and 2F313F314F3.66
Each has been mapped onto the mosaic structure of a
fibronectin monomer. The secondary structure elements of
the F1, F2, and F3 modules and of the B3 peptide are
shown in green, red, pink, and blue, respectively. The
disulfide bonds of the F1 and F2 modules are colored
yellow. The RGD loop of the °F31°F3 module pair is marked
with an asterisk (x).

with other matrix components such as collagens and
protetoglycans, thus assisting cell migration and the
maintenance of tissue integrity.*® Each monomer of
fibronectin is composed almost entirely of three types
of module (F1, F2, and F3), which are organized into
functional domains (Figure 2).

The amino-terminal domain of fibronectin contains
five sequential F1 modules, each of which is charac-
terized by a g-sandwich of two antiparallel 5-sheets,
a double-stranded sheet followed by a triple-stranded
sheet. The fibrin-binding activity of this domain
requires an intact “F1°F1 module pair; deletion of
either module inhibits binding.*° The solution struc-
ture of 4F15F1 revealed an extended, linear arrange-
ment of the two modules with intimate hydrophobic
contacts between them (Figure 2).4* NMR relaxation
data (T1, T,, and NOE) showed that the module pair
behaves as a rigid rod.*>#3 In contrast, no inter-
module NOEs were observed for the F12F1 module
pair with the result that the modules are effectively
uncoupled, joined only by a highly dynamic polypep-
tide linker.4

Staphylococcus aureus and Stretococcus pyogenes,
two important human pathogens, target host fibro-
nectin in their adhesion to and invasion of host cells.
Fibronectin-binding proteins (FNBPs), anchored in
the bacterial cell wall, have multiple fibronectin
binding repeats in an unfolded region of the protein.
Recently, the solution structure of a streptococcal (S.
dysgalactiae) FNnBP peptide (B3) in complex with the
1F12F1 module pair was solved by NMR spectros-
copy.'? The structure determination involved the use
of NOEs (including 127 intermolecular distances),
backbone dihedral angle restraints from *3C chemical
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shifts, and N—H bond vector restraints derived from
5N relaxation rates and *H—°N RDCs. In the family
of structures, the individual F1 modules are well
defined and retain the structure of the free F1
module.** On binding to the module pair, the bacte-
rial peptide contributes a fourth antiparallel strand
to the triple-stranded f-sheet of sequential F1 mod-
ules in a “tandem pS-zipper” interaction (Figure 2).
Despite the use of long-range structural restraints
from RDCs and *°N relaxation rates, a degree of
variability remains in the intermodule orientation.
However, the vast majority of 'F12F1-B3 conformers
exhibit an elongated module arrangement, the ori-
entation of which is significantly better defined in
the complex with B3 than in the free form, indicating
that B3 might tether the two F1 modules. The
tandem f-zipper provided the first structural insight
into the molecular basis of microbial peptide—fibro-
nectin interactions. It not only revealed the mode of
interaction, but also identified the length and nature
of 'F1- and 2F1-binding motifs in B3. Armed with this
information and a multiple sequence alignment of
bacterial peptides, the authors proposed a novel
“extended tandem g-zipper” model for binding of S.
pyogenes and S. aureus to the fibronectin amino
terminal domain, a theory which was subsequently
supported by NMR and isothermal titration calorim-
etry data.'?

The collagen-binding domain of fibronectin has
been mapped to the six module fragment 6F1'F22F2-
F18F1°F1 on the basis of its affinity for heat-
denatured collagen (gelatin).*® With the exception of
6F1, each of these modules binds gelatin, but with
greatly reduced affinity as compared to that of the
intact domain. The way in which the individual
modules combine to form a biologically active entity
has been probed through a “dissect and build”
strategy, in which the structural and functional
information from overlapping module pairs is com-
bined to construct a model of the intact domain. The
solution structure of the F1'F2 module pair was
determined by NMR from NOEs (including 18 inter-
module distances) and backbone dihedral angle re-
straints,* and was later refined using the depen-
dence of !°*N relaxation on rotational diffusion
anisotropy.?® The intermodule linker was found to be
flexible on the picosecond to nanosecond time-scale,
as shown by its low heteronuclear NOE. The two
modules interact through a small hydrophobic inter-
face involving just two residues from ®F1 and one
from F2 which lies on the opposite side of the module
to the gelatin-binding site. In contrast, the complete
lack of intermodule NOEs or significant chemical
shift perturbations in the overlapping module pair
1F22F2 indicated that these two F2 modules show no
discernible interaction other than their covalent
linkage.?® Subsequently, the ®F1'F22F2 module trip-
let was found to possess greatly enhanced gelatin-
binding activity over 'F22F2, an enhancement that
could not simply be attributed to covalent linkage of
the (nonbinding) ®F1 module.”* A comparison of
amide chemical shifts in the ®F1'F2, F22F2, and
6F11F22F2 fragments revealed that the 6F1 and 2F2
modules interact despite being separated in sequence
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by the 'F2 module. The solution structure of
8F1'F22F2 was calculated from NOEs (including 41
8F1—2F2 intermodule distances) and backbone dihe-
dral angle restraints!* and revealed an extensive
hydrophobic interface between the noncontiguous
5F1 and 2F2 modules (Figure 2). This was the first
high-resolution study to reveal a compact, globular
arrangement of modules in fibronectin and disputed
the long-held view that fibronectin is simply a linear
“string of beads”.

As can be seen in Table 1, the fibronectin type 3
module, F3, is very common and appears in a wide
range of proteins. In fibronectin, F3 modules bind a
wide range of ligands, including heparin and inte-
grins, and they are also involved in the formation of
fibronectin fibrils (fibrillogenesis). Various studies
have shown that **F3 and **F3 contain a heparin-
binding site. Mapping of the heparin-binding sites of
BE31F3, 1¥F3, and F3 by NMR chemical shift
perturbation, isothermal titration calorimetry, and
molecular modeling showed that ¥F3 provides the
dominant heparin-binding site and that the residues
involved are within the first 29 amino acids of 13F3.
This binding site involves positively charged residues
that project into the solvent from the ABE face of the
triple-stranded S-sheet on '3F3. In contrast, “F3,
although previously implicated in heparin binding,
does not appear to contribute significantly.*®

One of many interesting features of fibronectin is
that it is more active in binding to integrins when it
is in the extracellular matrix than when it is in
plasma. Various hydrodynamic and other studies
have suggested that this is because it is in a compact
“pretzel” form in plasma and an extended form in the
matrix (see, e.g., ref 47). An ability to change shape
like this requires considerable intermodule flexibility.
The °F3%F3 pair is mainly responsible for binding
to cell surfaces via integrins. Particularly important
is 1°F3 that has a loop between j-strands containing
the residues Arg-Gly-Asp (RGD). We determined,
some time ago, the structure of °F3 and showed that
the RGD loop was flexible in solution.*® For some
integrins, such as asf1, an additional “synergy” site
on °F3 is needed before full binding and biological
activity of fibronectin is realized. There is a crystal
structure of the "F38F3°F3'°F3 region that has clear
electron density for the RGD loop, indicating that it
is rigid in the crystal.*® The relative orientation of
9F3 with respect to °F3 is also well-defined in the
crystal, although the two modules have a distinctly
different relative orientation as compared to other
F3 pairs, and, at 333 A?, the buried surface area
between the modules is relatively small as compared
to the "F38F3 (587 A2) and 8F3°F3 interfaces (527 A2).
NMR studies of the °F31°F3 pairs from human®® and
mouse®! fibronectin have shown that the RGD loop
remains relatively flexible in solution and that the
modules have a significant degree of intermodule
flexibility. Enhancing the °F3'°F3 intermodule flex-
ibility still further by the extending the intermodule
linker results in a reduction in integrin-mediated cell
attachment and spreading.>®52 These structural stud-
ies, and those on the proteins that regulate comple-
ment activation (below), clearly show the comple-
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mentary nature of NMR and X-ray crystal studies.

Another very interesting region that contains F3
modules is the 'F32F3 region. This region has been
implicated in fibrillogenesis, a process that is initi-
ated by addition of partially or completely denatured
F3 modules or by mechanical tension (reviewed in
ref 53). A 76 aa fragment from 'F3, termed anastellin,
obtained by removing strands A and B promotes
assembly of a super fibronectin structure.>* The
structure of anastellin was recently solved by NMR,%
as was the structure of the intact 'F3.5¢ Steered MD
simulations were combined with these structures to
investigate the mechanical unfolding pathway of
IF3. It was shown that *F3 could unfold to form a
stable intermediate, 4 times the length of the native
folded state that is a plausible intermediate in
fibrillogenesis.5®

7. Proteins Involved in the Regulation of
Complement Activation

The complement system is a group of essential
circulating plasma proteins that inactivate and dis-
pose of foreign intruders. This defensive process is
achieved through the binding of complement to
foreign cell membranes (complement fixation) and
their subsequent lysis and phagocytosis. The system
relies upon cascades of specific protein—protein in-
teractions and catalytic events that lead to the
formation (and destruction) of multiprotein com-
plexes.>” The homologous group of proteins that
control these events, the regulators of complement
activation (RCA), are comprised almost entirely of
“complement control protein” (CCP) modules that are
approximately 60 amino acid residues in length. The
CCP modules are characterized by a consensus
sequence that includes four invariant cysteines that
stabilize the module’s tertiary structure of short
p-sheets and turns. Functional and mutagenesis
studies have shown that in most cases two or more
neighboring CCP modules form specific binding sites
for other molecules. Hence, the orientation in space
of a CCP module with respect to its neighbors and
the flexibility of the intermodular junction are likely
to be critical for function. Recent NMR studies on the
conformation and dynamics of CCP module pairs of
the RCA proteins decay accelerating factor (DAF),
complement receptor 1 (CR1), and vaccinia virus
complement control protein (VCP) have shed light on
these structure—function relationships.

The GPl-anchored DAF is a ubiquitous RCA that
accelerates the dissociation of the C3 and C5 conver-
tases of the classical and alternative pathways and
hence protects host cell surfaces from activation of
autologous complement.5” DAF comprises four tan-
dem CCP modules followed by an O-glycosylated
serine/threonine-rich domain. Classical pathway con-
vertase regulation has been mapped to CCP modules
2 and 3. Recently, the structure of the 2nd and 3rd
CCP module pair from DAF (DAF~2,3) was deter-
mined by solution NMR.%85° The structure determi-
nation incorporated restraints from interproton NOEs,
backbone dihedral angles, and HN—N" residual di-
polar couplings (RDCs). The interproton NOE list
included six intermodule restraints and 27 module—
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linker restraints. The DAF~2,3 structures were
relatively elongated with an end-to-end arrangement
of well-defined modules that share only a small
interface. However, the orientation of one module
with respect to the other was not defined well by the
data, with two populations of tilt angle that were
indistinguishable on the basis of potential energy
(agreement with experimental data). Furthermore,
the RDC data were inconsistent with a rigid connec-
tion between the two modules, as use of a common
alignment tensor resulted in a poorer fit to the
experimental data. Interestingly, residues within the
intermodule linker did not have unusual >N relax-
ation properties (long *®*N T; and T, values, and a
low 'H,’>N NOE) as might be expected if this region
were mobile on the fast (picosecond to nanosecond)
or intermediate (microsecond to millisecond) time-
scales.

The apparent flexibility of the DAF 2~3 interface
in NMR studies disagrees with the recently deter-
mined crystal structure of the four CCP module
fragment DAF~1,2,3,4.%0 In this study, three differ-
ently packed crystal forms were analyzed, and a total
of eight independent models of DAF~1,2,3,4 were
built. Each model was found to be a linear molecule
with the four CCP modules forming an extended rod
with overall dimensions of 160 x 50 x 30 A. Despite
the different crystal packing environments, there was
very little variation in the DAF~2,3 intermodule
interface. It could be argued that this apparent
rigidity is due to the high ionic strength of the mother
liquor used in the crystallization process (25-fold
higher than that used for the NMR studies) or the
high concentration of precipitant, both of which may
promote hydrophobic interactions of the type seen in
the DAF~2,3 interface. Thus, the crystallization
process may have taken a “snapshot” of a molecule
that is inherently dynamic in solution. However, an
analytical untracentrifugation study under physi-
ological solution conditions revealed the sedimenta-
tion coefficient of DAF~1,2,3,4 to be almost identical
to that calculated from the crystal coordinates.®
Therefore, the structure in the crystalline environ-
ment is probably a good representation of the con-
formation present in solution.

Activation of complement leads to deposition of C4b
and C3b on a target. Once the antigenic particle is
coated with these molecules, it is recognized by
complement receptor type 1 (CR1 or CD35) on the
surface of host blood cells.5” CR1 is a 250 kDa
transmembrane glycoprotein with an extracellular
domain that comprises 30 CCP modules with two
functionally distinct sites. Two nearly identical copies
of “site 2” (localized to modules 8—10 and 15—17) bind
C3b and C4b. The intermodular orientations, module—
module interactions, and flexibility of site 2 (CR1~15—
17) has been investigated by NMR to better under-
stand the molecular basis of C3b/C4b-recognition.5?
A comparison of the backbone chemical shifts of
CR1~15-17 with the overlapping 15,16 and 16,17
module pairs revealed that there were no long-range
interactions between the nonsequential modules
CR1~15 and CR1~17, thus implying an extended
conformation for the triple-module fragment. Hence,
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Figure 3. Determination of the structures of CCP module-
containing proteins by NMR using a “dissect and build”
strategy. Ribbon diagrams of the lowest-energy structures
of CR1~15,16 and CR1~16,17,%1 and of VCP~2,35% and
VCP~3,452 are shown mapped onto the mosaic structures
of CR1 and VCP, respectively. The overlapping fragments
have been overlaid over the backbone heavy atoms of their
common module (i.e., CR1~16 or VCP~3). Regions of
secondary structure are shown in light (CR1~15,16 and
VCP~2,3) or dark (CR1~16,17 and VCP~3,4) blue, with
disulfide bonds in yellow.

a strategy was adopted in which the NMR solution
structures of the overlapping CR1~15,16 and 16,17
module pairs were combined to “reconstruct” CR1~
15-17.% For CR1~15,16, the unambiguous NOE
restraints included 13 intermodule and 94 module—
linker distances giving a relatively well-defined
orientation of the two modules. Furthermore, *H—
5N RDCs from the two modules were found to be
consistent with a common alignment tensor, thus
supporting a relatively fixed conformation. The two
modules of CCP~15,16 are assembled in a head-to-
tail fashion through interactions between the DE loop
of module 15 and strand F of module 16 (Figure 3).
In contrast, the unambiguous NOE restraints for
CR1~16,17 included only 4 intermodule and 68
module—linker distances with the result that the
intermodule interface of CR1~16,17 is poorly defined
with few hydrophobic contacts. This lack of definition
in intermodular orientation may reflect flexibility
between CCPs 16 and 17, but neither the CR1~15,-
16 nor the CR1~16,17 linker peptides appear to be
flexible on the microsecond to millisecond or pico-
second to nanosecond time-scales according to long
longitudinal (T;) and transverse (T,) relaxation times
and heteronuclear NOE measurements.’* In the
model of CR1~15—17, reconstructed from the solu-
tion structures of the overlapping CR1~15,16 and
16,17 module pairs, the three modules trace a gentle
curve with equivalent surfaces of the three modules
facing in different directions (Figure 3).5* The elon-
gated shape of site 2 results in a large solvent-
exposed surface area with potential for extensive
contacts with binding partners. The structure allowed
rationalization of a large body of mutagenesis data
and design of new, structure-guided mutagenesis
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experiments. These new experiments identified a
positively charged surface region on module 15 that
is critical for C4b binding. This patch, together with
basic side chains of module 16 exposed on the same
face of CR1, is required for interaction with C3b.5*

VCP binds host C3b and C4b, thus inhibiting both
the classical and the alternative pathways and
defending the virus against attack by the host
complement system.5” VCP is a homologue of mam-
malian regulators of complement activation, consist-
ing entirely of four CCP modules that show high
sequence similarity to modules 15—18 (encompassing
site 2) of mammalian CRL1. It is the smallest and least
complex of the complement control proteins, with no
glycosylation or covalent membrane attachment sites
and only 244 residues, making it an excellent can-
didate for complete structural and dynamic analysis
by NMR. To date, two overlapping fragments of VCP,
the C-terminal module pair VCP~3,4 and the central
module pair VCP~2,3, have been characterized. The
solution structure of VCP~3,4 was calculated using
backbone J couplings and an NOE restraint list that
included 90 intermodule distances.®? These restraints
resulted in a relatively well-defined orientation of
VCP~3 and VCP~4 with the long axis of module 4
tilted by 59° + 4° with respect to that of module 3,
and twisted with respect to module 3 by 22° + 6°
(Figure 3). The intermodule interface is predomi-
nantly hydrophobic with interactions between strand
E of module 3 and the CD and FG loops of module 4.
The amide proton T; relaxation times of VCP~3,4
were consistent with only limited flexibility at the
module—module interface on the picosecond to nano-
second time-scale. The linker was as precisely defined
as other well-structured regions of the protein. In
contrast to the intimate intermodule contact seen in
VCP~3,4, there was no extensive interface observed
in VCP~2,3; just two intermodule and 40 module—
linker NOEs were identified.®® Consequently, only a
preferred, elongated orientation of the two modules
was observed. The rotational diffusion anisotropy of
the module pair (calculated from **N relaxation data)
indicated that the time-averaged structure is more
compact than suggested by the NOEs. These data are
consistent with the presence of many intermodular
orientations, some of which are kinked, undergoing
interconversion on the nanosecond to microsecond
time-scale. Thus, the NMR data strongly support the
idea of a flexible intermodule hinge in VCP~2,3 at
37 °C. However, at lower temperatures, other bio-
physical techniques have showed that VCP~2,3
becomes progressively more elongated (unpublished
data cited in ref 57), presumably due to the stabiliza-
tion of a specific intermodular junction. Indeed, it is
likely that such interface stabilization was a contrib-
uting factor in the recent crystallization of intact VCP
at 20 °C.% The crystal structure of VCP at 2.2 A
resolution provided the first atomic coordinates of any
intact regulator of complement activation and per-
mitted a critical analysis of the previous NMR
results. Five crystallographically independent ex-
amples of the molecule within the unit cells of two
crystal forms were analyzed, and in each the mol-
ecule had an elongated structure with no intramo-
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lecular contacts between nonsequential modules, and
a near-identical arrangement of CCP modules. This
suggests that crystal packing interactions are not
responsible for the conformation observed, but rather
that a strongly preferred conformation of VCP exists
in solution under the conditions used to grow the
crystals. The interface between modules 3 and 4 is
very similar to that modeled from NMR data previ-
ously®? with 408 A2 of buried surface area. The tilt
and twist angles between modules 3 and 4 of the
NMR structure of VCP~3,4 are comparable to those
seen in the crystal structure, thus validating the
dissect-and-build approach in this case. In contrast,
with 281 A2 of buried surface area and a well-defined
modular orientation, the 2—3 interface in the crystal
structure is very different from that characterized
by solution NMR.5385 However, as in the case of
DAF~2,3, the higher ionic strength and precipitant
content of the mother liquor used for crystallization
may have induced intermodular hydrophobic contacts
between VCP modules 2 and 3. Furthermore, given
the known temperature dependence of the VCP~2,3
conformation (above), and the difference in temper-
ature of the two studies (37 °C for NMR cf. 20 °C for
crystallography), the discrepancy in conformation is
not surprising in this case.

8. Conclusions

Several modular extracellular proteins and their
various interactions have been discussed. We have
tried to illustrate how modular proteins can readily
assemble into dynamic, functional protein complexes.
Studies of extracellular proteins constructed from
numerous repeated modules allow some general
features to be recognized. One type of module, for
example, F3, can provide a wide range of binding
functions, although the modules have very similar
structures. In general, the modules do not change
conformation themselves but change their orientation
with respect to other modules to change overall shape
and activity. This regulation property can be facili-
tated by having functional binding sites on more than
one module. Changes in module orientation can be
induced by ligand binding or environmental change,
and in some cases new “cryptic” sites may be exposed
by module rearrangement or applied mechanical
tension. NMR is particularly well suited to investi-
gate intermodule dynamics and weak ligand interac-
tions.
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