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2 MATTE ET AL.

ABSTRACT

Bacteria mediate a large variety of biological processes using protein
complexes. These complexes range from simple binary heterodimeric
enzymes to more complex multi-subunit complexes that can be
described as macromolecular machines. A key to understanding how
these complexes function is obtaining structural information using
methods that include electron microscopy, small-angle X-ray scattering,
NMR spectroscopy, and X-ray crystallography. Here we describe a
variety of approaches to the expression, purification, and biophysical
characterization of bacterial protein complexes as a prerequisite to
structural analysis. We also give several examples of the kinds of
information these different biophysical approaches can provide and
various experimental approaches to obtaining structure information
for a given system. Further, we describe several examples of protein
complexes where we have obtained structural data that have led to new
biological insights.

I. INTRODUCTION

Cellular processes involve interactions between multiple proteins.
There are many well-documented examples of this in microbial systems,
including the co-localization of enzymes associated with sequential steps
within an enzymatic pathway, sometimes found as a hetero-oligomeric
complex (Klem and Davisson, 1993); the association of proteins to effect
cell division (Gamba et al., 2009); the assembly of proteins into complexes
to create pores or channels in order to import or export molecules
through one or more membranes (Collins ¢t al., 2007); and the control
of gene expression through the modulation of both transcription
(Rutherford et al., 2009) and translation (Yu et al., 2009). These pro-
tein—protein interactions span a wide range of timescales and affinities
adapted to their specific biological roles.

We can differentiate between relatively weak and transient protein—
protein interactions, which exist as part of many cellular functions,
versus stronger interactions resulting in longer lived and more stable
protein complexes, in which proteins come together to effect function
as an unit. On one end of this spectrum are hetero-oligomeric enzymes
that contain two or more subunits usually tightly associated together,
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while on the other end are proteins that exist independently and
associate into meta-stable complexes in order to perform a specific
task. Structural analysis of protein complexes, using methods such as
X-ray crystallography and NMR spectroscopy, offers a way to visualize
at the molecular level protein—protein interfaces and analyze their
properties. Many important questions in this area need to be
addressed. What dictates the specificity of association? How does one
protein interact with multiple partners? What are the structural adjust-
ments at protein interfaces upon association? What features of the
surface define interaction “hot spots”? What are the important mole-
cular interactions that govern association and dissociation? What role
does conformational change play in interaction? Answers to these ques-
tions will yield a new level of understanding at the molecular level and
provide a basis to modulate the strength of protein association and
allow engineering of new interacting proteins that exert their function
m vio.

There is a significant and rapidly growing number of protein com-
plexes deposited in the Protein Data Bank (http:/www.rcsb.org/pdb/
home/home.do). Several derivative databases have been created in recent
years to navigate and curate such complexes. Some examples of these
databases are PROTCOM (http://www.ces.clemson.edu/compbio/prot-
com (Kundrotas and Alexov, 2007)), 3D Complex (http:/supfam.mrc-
Imb.cam.ac.uk/elevy/3dcomplex/Home.cgi (Levy et al., 2006)), and
SNAPPI-DB  (http:/www.compbio.dundee.ac.uk/SNAPPI/snappidb.jsp
(Jefferson et al., 2007)). These databases can serve as useful resources
for biologists in various disciplines in order to correlate structural infor-
mation with in vivo and in vitro data on particular systems of interest.
Analysis of such data at the molecular level also helps to shed light on
fundamental questions in protein biochemistry, such as the differences
between specific and non-specific protein—protein interfaces (Bahadur
et al., 2004; Kobe et al., 2008). A number of other databases accumulate
experimental information on protein complexes and protein—protein
interactions, many of which are listed at http://www.imb-jena.de/jcb/ppi/
jcb_ppi_databases.html.

In this chapter we will summarize our experiences regarding the pre-
paration of bacterial protein complexes for structural analysis, with a
specific emphasis on protein complexes from the model bacterium
Escherichia coli. The structural characterization of protein complexes
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4 MATTE ET AL.

poses special experimental challenges and requires attention to details
that to some extent are unique to each system and in some cases different
from those for individual proteins.

II. ProTEIN COMPLEXES OF BACTERIA

Bacteria contain a wealth of both soluble and membrane-bound pro-
tein complexes, as is clearly evident from the enormous literature on this
topic and numerous databases devoted to cataloging these molecules.
These complexes range from those that can truly be described as “mole-
cular machines” such as the ribosome (Steitz, 2008), the RNA degrado-
some (Carpousis, 2007), and the protein translocation machinery
(Driessen and Nouwen, 2008) to much more modest pairs of relatively
small proteins. Systematic large-scale studies of bacterial protein interac-
tion networks at the level of whole proteomes have been initiated using
the yeast 2-hybrid (Y2H) method as applied to a subset of the genome of
Helicobacter pylori (Rain et al., 2001), Synechocystis sp. PCC6803 (Sato et al.,
2007), and Campylobacter jejuni (Parrish et al., 2007). The agreement
between different methods applied to the same genome is not particu-
larly good, although in a favorable case of 31 proteins from the H. pylor:
type 1V secretion system (Terradot et al., 2004) co-purification experi-
ments authenticated 76% of the interactions predicted from large-scale
Y2H experiments (Rain et al., 2001). Blue native/SDS-PAGE (sodium
dodecyl sulfate polyacrylamide gel electrophoresis) (Wittig and Schagger,
2008) has been used to identify additional protein complexes from
H. pylori (Lasserre et al., 2006).

As with many aspects relating to bacterial biochemistry and physiology,
a wealth of data relating to protein complexes is available for E. coli. This
data has been generated over many years from a large number of
investigator-driven studies, as well as large-scale interactome analysis
of the E. coli K-12 genome. These large-scale studies include tandem-
affinity purification (TAP-tagging (Collins and Choudhary, 2008)) to
isolate protein complexes, followed by their identification by mass spec-
trometry (MS)-MS analysis (Butland et al., 2005) and pull downs of His-
tagged proteins from the ASKA library (Kitagawa et al., 2005), followed
by matrix-assisted laser desorption/ionization-time of flight (MALDI-
TOF) analysis (Arifuzzaman et al., 2006). Although these two techniques
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rely on similar principle, the overlap of bona fide protein complexes
between these two independent datasets is rather low, making it difficult
to use as a source of information for selecting protein complexes for
structural studies. Recent studies on the E. coli protein interaction net-
work suggest that essential proteins make up a significant “core” of the
experimentally identified interactions (Lin et al., 2009). It has also been
shown that proteins that participate in the same interaction share similar
mRNA half-lives, a relationship not previously noted (Janga and Babu,
2009). An alternative approach, the use of blue native/SDS-PAGE, fol-
lowed by the identification of the protein complex by LC-MS/MS, has
been used to identify hetero-oligomeric complexes from E. coli (Lasserre
et al., 2006). Other studies have focused on characterizing another,
although more experimentally challenging set of protein complexes,
those found in the membrane (Stenberg et al., 2005).

Collectively, the experimentally determined protein—protein interac-
tion data for E. coli have been captured within various databases, such as
the Bacteriome.org portal (http://www.compsysbio.org/bacteriome/ (Su
et al., 2008)) and the microbial protein interaction database, MPIDB
(http://www jevi.org/mpidb/about.php (Goll et al., 2008), and are available
for browsing using a variety of criteria (Su et al., 2008). A number of
computational approaches have also been applied to predict protein
interactions in E. coli, including methods relying on gene fusions (Enright
et al., 1999), functional linkages (Yellaboina et al., 2007), and the inter-
acting domain profile pair method (Wojcik et al., 2002). The extent to
which these predictive methods correlate with the high-throughput data
on physical interactions is yet to be established. A promising new
approach for the discovery and validation of protein interaction networks
in bacteria is the application of one-step inactivation of chromosomal
genes in E. coli (Datsenko and Wanner, 2000). This method permits the
high-throughput construction of double knockouts that allows analysis of
synthetic lethality of gene product pairs (Butland et al., 2008). It is
important to keep in mind that physical and genetic interactions are
highly complementary. As was shown in yeast, less than 1% of synthetic
lethal genetic interactions were also observed physically (Tong and McIn-
tosh, 2004). A new and rapidly developing branch of bioinformatics deals
with integrating and “cleaning” high-throughput experimental data
(Beyer et al., 2007; Liu et al., 2008; Patil and Nakamura, 2005). It is
clear from the comparison of results obtained by different methods and
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different investigators that the high-throughput data indicating pair-wise
interactions contain a significant fraction of false positives. Therefore,
structural investigation of bacterial protein complexes initially requires
the verification of protein complex formation i vitro. A summary of the
experimental strategies to prepare and characterize protein complexes
from bacteria is presented in Fig. 1

III.

PREPARATION OF BACTERIAL PROTEIN COMPLEXES

A.  General Expression and Affinity Purification Strategies

The in vitro structure—function studies of any protein complex require
its isolation in a form amenable to study. The isolation of protein com-
plexes direct from bacterial cells through successive fractionation is a
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possible approach, with advantages including the isolation of relatively
stable complexes amenable to electron microscopy (EM) or crystallization
and the ability to identify new groups of interacting proteins. However,
the use of recombinant methods offers significant advantages, especially
for proteins of low abundance and for weakly associated protein com-
plexes, including a higher level of protein expression and the potential to
introduce fusion tags, either for detection or for affinity purification. The
size and location of tags, however, must be kept in mind, in as much as
they could negatively impact protein complex formation or stability.

With regard to the application of strategies for the expression of
protein complexes, there are several specific issues that require careful
consideration. When the individual protein components are well
expressed and soluble, one can reconstitute the complex using individual
protein components. There are different strategies that can be adopted,
and it may be necessary to work through several of these in order to find
the most appropriate one for the particular system of interest. The most
straightforward is to mix together the purified proteins and isolate the
complex by size exclusion chromatography (SEC). Another approach is
to mix the cells isolated from individual bacterial cultures that were used
to express the two (or more) proteins that form the complex. The cells
can be combined, lysed by a variety of means, and the complex purified,
for example, using an affinity tag. This approach can be especially power-
ful if the individual protein components are expressed with different
affinity tags, allowing different, sequential affinity chromatographic
steps to be employed in isolation of the complex. This method at the
same time allows purification of the complex from any excess of one of
the partners. Other variations on this approach can also be adopted, for
example, combining individual bacterial lysates for the proteins being
expressed or purification of one of the components by affinity chromato-
graphy, followed by incubation of the vresin containing the
purified protein with a lysate of the other protein (with or without a tag
or with a different affinity tag) in order to capture one or more additional
proteins.

In many situations, the above described approaches are not plausible.
This is the case when one or more of the individually expressed protein
components of a complex are insoluble or poorly soluble and unstable
and have a tendency to precipitate. In this case, co-expression of the
appropriate protein-binding partner can serve to stabilize and in some
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8 MATTE ET AL.

cases improve the solubility behavior of the protein of interest, providing
the only way to obtain a viable complex (Tolia and Joshua-Tor, 2006).
There are two approaches commonly used for co-expression: insertion of
multiple targets in the same vector or co-transformation with compatible
plasmids with different resistance genes and origins of replication, each
carrying a single construct. Both approaches have certain advantages and
disadvantages.

Several bi- or multicistronic vectors for co-expression of proteins have
been described (Scheich et al., 2007; Selleck and Tan, 2008). We have
been using the bicistronic pET-Duet vector (Novagen) or a combination
of up to four compatible versions of pET-Duet plasmids that permit
simultaneous expression of up to eight different proteins (Kim et al.,
2006). One advantage of the co-expression strategy from a single vector
is that the stoichiometry of a pair of interacting proteins should be easier
to control, in as much as both transcripts and corresponding proteins are
from a single plasmid, abrogating any effect of plasmid copy number. A
disadvantage, however, is that for each new variant of the same protein
pair (domains, tags), a new clone must be independently generated.

Using two or more compatible plasmids to express individual proteins
of a complex provides a powerful advantage when several combinations
of constructs with or without different tags have to be matched together
in co-expression trials in order to screen for those that give the best-
behaved complex. However, since the various plasmids differ in their
copy numbers, and therefore protein expression levels, the desired stoi-
chiometry may not be achieved and an excess of one of the partners is
very likely. A priori, it is difficult to predict whether co-expression is the
best strategy, although if the sequence of interest is predicted to have
significant unfolded regions, this would serve as an important indicator
favoring co-expression. The unfolded regions can be quite reliably pre-
dicted with programs such as DisProt (Sickmeier et al., 2007), FoldIndex
(Prilusky et al., 2005), or GlobPlot (Linding et al., 2003).

For bacterial protein complex for which the genes are located adjacent
to each other within an operon (polycistronic mRNA unit), another
strategy is to clone the entire operon (or an appropriate segment) in
one vector for co-expression. A catalog of transcriptional units in E. coli
has been organized within the RegulonDB database (http://regulondb.
ccg.unam.mx/ (Gama-Castro et al., 2008)) and EcoCyc (http://ecocyc.org/
(Keseler et al., 2009)).
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IV. CHARACTERIZATION OF PROTEIN COMPLEXES

A.  Size Exclusion Chromatography

SEC provides several advantages in the preparation of a protein com-
plex. It is often a powerful purification step prior to crystallization screen-
ing, removing protein aggregates, and polishing the protein sample, while
at the same time permitting buffer exchange to the final bufter used for
crystallization. As a means of characterizing protein complexes, it offers a
variety of information. Under conditions that the column is properly
calibrated, it gives an apparent molecular mass and, therefore, an approx-
imate stoichiometry for the complex under study. When used sequentially,
that is, through re-injection of the main elution peak or analysis of the
same sample at different points in time, it offers information on the stability
of the protein complex. It also offers some level of dynamic information, in
that high-affinity, strongly interacting protein complexes are expected to
elute with sharper, better defined peaks than those complexes in which
there are fast on—oft kinetics among the interacting proteins. In the later
case, the peaks from SEC experiments are often observed to be broad or
contain distinct leading or lagging shoulders, indicative of multiple com-
ponents in solution. It is necessary, however, to exercise some care in the
analysis of data for protein complexes from SEC. One issue is the effect of
total protein concentration on complex formation and apparent stoichio-
metry — it is often desirable to analyze a protein complex at both higher
(15-20 mg/ml) and lower (2-5 mg/ml) protein concentrations, in order to
detect differences in behavior. Weaker complexes may only be stable in
SEC experiments when the starting protein concentrations are relatively
high. The second consideration is the need to pay careful attention to the
individual masses of the component proteins; proteins that form dimers or
larger homo-oligomers may mask, or be misinterpreted, as protein com-
plexes themselves. Careful analysis of elution fractions by native PAGE and
SDS-PAGE can clarify this issue.

B.  Dynamic Light Scattering

Dynamic light scattering (DLS) offers a complementary approach to
SEC for the characterization of protein complexes. Like SEC, it can also
be used to determine the apparent molecular masses of protein
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10 MATTE ET AL.

complexes and is a useful tool for establishing complex stability. Com-
pared to SEC, DLS uses relatively little protein, depending on the specific
instrument. Using the Wyatt’s DynaPro Plate Reader (Wyatt Technology
Corp., Santa Barbara, CA; http://www.lightscattering.com), a volume of
40 pul at a concentration of 1 mg/ml is normally sufficient and can be
recovered following the experiment. Using such an instrument, it is
possible to screen a variety of buffers, pH values, ionic strength condi-
tions, and ligands or other additives in order to establish under what
conditions the complex is stable or not. This information can in turn be
used to design alternative lysis buffers for purification or protein buffers
for crystallization screening. It is beneficial to determine the solution
behavior of the protein complex by DLS at relatively high protein con-
centration, compatible with that to be used for crystallization, in order to
evaluate its propensity for aggregation.

C. Native PAGE

Like SEC and DLS, native PAGE can be used to assess the behavior and
stability of a protein complex. Native gels can be especially powerful, as
they require even less protein than does DLS (as little as a few micro-
grams), and many conditions, for example, as many as 30, can be tested
and evaluated simultaneously. As with DLS, various buffers and additives
can be incubated with the protein complex in order to determine (a) if
both proteins co-migrate as a complex and (b) to visualize formation of
aggregates or other forms of protein heterogeneity that may negatively
impact crystallization screening. Once the “best” conditions have been
established, an optimized buffer for purification and crystallization
screening can be formulated, in part, based on these results.

D. Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) is a technique that allows one to
quantify the affinity of protein—protein interactions. Unlike surface plas-
mon resonance (SPR), the measurements involve both interacting pro-
teins in solution, thereby avoiding potential artifacts arising from surface
immobilization and protein labeling. Also, the stoichiometry of the bind-
ing reaction is measured directly during the experiment. A specific
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limitation of ITC is that the useful range of accurately measured affinities
is somewhat narrower, typically in the range ~ K4 0.1-10 uM, as com-
pared with SPR. As well, typical ITC experiments require larger quan-
tities of protein, though this problem is somewhat alleviated with the
recently released i1TC200 instrument from GE/MicroCal (GE Healthcare,
Piscataway, N]J; http://www.microcal.com/), which uses a smaller, 200 yul
sample cell than previous ITC instruments.

An ITC experiment is performed at a constant temperature while
titrating one of the proteins (the “titrand”) in the sample cell with the
other protein (the “titrant”) loaded within a syringe. After each addition
of a small aliquot of the titrant, the heat released or absorbed in the
sample cell is measured with respect to a reference cell filled with buffer.
As the number of injections increases, the quantity of free protein avail-
able progressively decreases until the available binding sites become
saturated. The binding constant (K,), molar binding stoichiometry (),
molar binding entropy (AS”), and molar binding enthalpy (AH") are
determined directly from fitting the data, permitting calculation of the
Gibbs free energy of binding. By repeating a titration at different tem-
peratures, it is possible to determine the heat capacity change (AC))
associated with the binding reaction, AC, = dAH/dT.

The parameters AG, AH, AS, and AC, are global properties of the
system being studied and reflect contributions from the protein—
protein binding reaction, conformational changes of the component
molecules during association, as well as changes in molecule/solvent
interactions and in the state of protonation. The relative magnitude
of the change in binding enthalpy, AH, primarily reflects the strength
of the interactions of the ligand with the target proteins, including van
der Waals, salt bridges, hydrogen bonds, and electrostatic interactions,
whereas the magnitude of the change in entropy, AS, is associated with
solvent reorganization and other entropic contributions to binding
(Leavitt and Freire, 2001). Typically, hydrophobic interactions involve
the favorable burial of non-polar groups from contact with water and
are considered to be entropic in nature. The change in heat capacity,
AC,, is the parameter in the I'TC experiment with the most straightfor-
ward structural interpretation. This quantity is directly proportional to
the change in the estimated amount of polar and apolar solvent acces-
sible surface area buried on formation of the complex and, to a lesser
extent, from changes in molecular vibrations (Freire, 1993). A negative
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12 MATTE ET AL.

value for AC, indicates an increase in hydrophobic interactions upon
binding.

Ideally, the protein concentration in the sample cell should be at least
10-fold higher than the expected Kq4. In practice, titration experiments
are often performed with 30-60 M protein solution in the sample cell
and a 10- to 20-fold higher concentration of titrant in the syringe to
ensure a final titrant:titrand ratio of (2-4):1 in the reaction cell. Practi-
cally, this means that the more soluble and better behaved of the two
proteins will usually be used in the syringe. Both protein samples are
prepared in or dialyzed against the same buffer to minimize artifacts due
to any differences in buffer composition, that is, heats of dilution. Main-
taining an identical pH for the titrand and titrant solutions is particularly
important. When studying protein—protein interactions, the best way to
achieve an identical buffer composition is by passing both proteins
through a size exclusion column using the same buffer prior to ITC
measurements. While there are no special requirements for the buffers
used, the high protein concentrations in I'TC experiments make it desir-
able to use higher capacity (50-100 mM) bufters. This is especially impor-
tant when using lyophilized peptides that are chemically synthesized, as
they usually contain traces of strong acid. When one or both proteins
require the presence of a reducing agent, it is recommended to use tris(2-
carboxyethyl)phosphine, which is more stable than dithiothreitol (DTT).
DTT should be avoided in ITC buffers, as it often results in erratic
baselines.

When using fusion proteins for ITC measurements, one should be
aware of the possible interference of tags with the interactions being
studied, such as occlusion of a binding site and non-specific binding.
Special attention should be paid when using tags, which are not mono-
meric in solution, including the glutathione-S-transferase (GST) tag, as
this may affect the stoichiometry of the binding event.

E.  Surface Plasmon Resonance

SPR is a technique that yields real-time data on protein-ligand
interactions and which can be used to guide or validate protein com-
plexes for further structural studies (Masson et al., 2000; McDonnell,
2001; Piliarik et al., 2009). Typically, one binding partner called the
ligand is immobilized on the surface of a microfluidic cartridge coated
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with an inert organic polymer matrix as sold by GE/Biacore (http://
www.biacore.com). Then, a solution of the binding partner (the ana-
lyte) is injected at a constant flow rate over the surface. The SPR
response is proportional to the mass at the surface, a feature that is
used to monitor interactions between molecules in real time. An SPR
sensorgram typically consists of a baseline phase (buffer flowing before
injection of the analyte), a binding phase (during the injection), and a
dissociation phase (after injection), when again buffer flows over the
surface. The binding phase depends on both the association and dis-
sociation kinetics, whereas the dissociation phase depends only on the
dissociation kinetics. By injecting different concentrations of the ana-
lyte, typically over three orders of magnitude around the Kgq, the
equilibrium, and kinetic rate constants can be determined. SPR chips
typically have four independently monitored flow cells on which dif-
ferent ligands can be immobilized and over which a single analyte
solution can be flowed. One flow cell should be used as a control to
account for bulk refractive index changes and non-specific adsorption
of the analyte on the surface.

Although less than 1 g of protein ligand is normally needed for one
immobilization, identifying conditions for the immobilization of the
protein remains one of the most crucial steps when designing an SPR
experiment. The protein should be immobilized in a way that does not
impede its interaction with a potential binding partner. Several immo-
bilization procedures have been proposed. Proteins can be covalently
coupled to a surface using thiol or amine-based chemistry. The former
often requires engineering of a solvent-exposed cysteine in the protein
ligand, whereas the latter involves EDC/NHS-mediated coupling
through the side-chain e-amino group of lysines or amino-terminal
groups. The protein should be dissolved in a non-reactive buffer (no
thiols or amines such as DTT or Tris, respectively) at a pH and salt
concentration that allow the protein to interact electrostatically with the
surface. However, the amine-coupling procedure can inactivate a pro-
tein and can lead to heterogeneity in the mode of ligand immobiliza-
tion if the ligand has many exposed lysines, which can in turn affect
determination of both stoichiometry and affinity. Alternatively, affinity
tags such as hexa/deca-histidine, biotin, or GST can be used to immo-
bilize the ligand on Ni-NTA, streptavidin, or anti-GST antibody-coated
SPR chips, respectively. Because anti-GST antibody surfaces can be
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14 MATTE ET AL.

easily regenerated and the immobilization of GST-fusion proteins does
not require covalent modification of the ligand, it remains one of the
most popular SPR immobilization methods for investigating protein—
protein interactions. The downside of using GST is that this protein is
a dimer, which can lead to artificially enhanced affinities due to avidity
effects.

The main advantages of SPR for the characterization of protein
complexes are the wide range of affinities that can be determined (K4
< 107 M) and the small amount of protein required for conducting an
experiment. The highest concentration of analyte required to accu-
rately measure a K4 should be 10-20 times greater than the dissocia-
tion constant in order to reach saturation of the ligand during the
binding phase. A single injection requires 20-300 ul depending on
the flow rate (10-50 pul/min) and the time required for the binding
phase to reach a steady state (30-300s). High flow rates (> 30 pl/min)
are recommended to avoid rebinding and mass transport effects. In
principle, any chemically inert buffer can be used, although it is com-
mon to use a neutral HEPES-buffered saline solution supplemented
with a mild non-ionic detergent such as Tween-20 to prevent non-
specific hydrophobic interactions. The availability of multiple flow
cells on a single chip makes SPR especially suitable for rapidly evaluat-
ing the binding activity of multiple single-site mutant proteins with a
second partner protein. For example, in addition to the control lane
with GST or biotin alone, one can immobilize a wild-type protein and
two mutant proteins and test them simultaneously with a single analyte
concentration series.

F.  Characterization of Protein Complexes by NMR Spectroscopy

Solution NMR spectroscopy has proven to be one of the most powerful
techniques for characterizing protein—protein interactions, owing to the
development of sensitive NMR instrumentation (higher magnetic fields,
cryoprobes, etc.), NMR pulse sequences for assignments, and methods
for the isotopic labeling of proteins (Clarkson and Campbell, 2003;
Takeuchi and Wagner, 2006). Although solution NMR can be used to
determine de novo structures of small protein complexes (<30kDa), its
scope is much wider as it can be used to map binding interfaces, monitor
conformational changes, or determine kinetic or equilibrium binding
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constants. The range of K4’s that is typically measurable by NMR spectro-
scopy is between 10 uM and 10 mM.

The simplest NMR application consists of recording a one-dimensional
proton NMR spectrum of a protein in an aqueous buffer. A good disper-
sion of relatively narrow resonances in the aliphatic (-2 to 4 ppm) and
aromatic/amide (6-11 ppm) regions indicates that the protein is folded and
not aggregated. However, a good deal of more information can be
obtained through the use of isotopic enrichment. Typically, NMR-
detectable isotopes such as '’N and '*C are incorporated into recombinant
proteins by growing plasmid-bearing bacteria in a minimal medium sup-
plemented with uniformly labeled ""NH,Cl and/or '*Cg-p-glucose. The
protein can then be purified as usual and concentrated to greater than
100 uM in a low-salt acidic buffer (pH < 7.0) to record multidimensional
heteronuclear experiments such as the 'H-'""N HSQC.

Kinetic and mechanistic information can be gained through the use of
NMR titrations. When a ligand is added in a stepwise fashion to a labeled
protein, the position and intensity of a resonance at different molar ratios
indicate the exchange rate regime (fast or slow) between the bound and
unbound state of the labeled protein. These NMR titrations can also be
used to quantify equilibrium binding constants between interaction part-
ners (if the system is in a fast exchange regime) and to determine the
stoichiometry of a complex. NMR offers the unique potential for char-
acterizing the affinities of separate binding sites on a protein in a single
experiment without recourse to mutagenesis studies, with every reso-
nances acting as a “probe” of a local binding event. For larger complexes,
additional protein deuteration is required. TROSY experiments for
amide signal assignment in combination with the cross-saturation techni-
que (Nakanishi et al., 2002; Takahashi et al., 2000) provide high-quality
definition of protein—protein interfaces.

NMR is particularly useful for studies of transient and ultraweak com-
plexes, which are usually hard to crystallize. In addition to the 'H-'°N
HSQC experiment, which allows detection of weak yet specific interac-
tions, an NMR method, transferred nuclear Overhauser spectroscopy, is
particularly suitable for studies of weak complexes as it relies on fast
exchange between free and bound states. This approach is applicable to
systems in which one partner is small (e.g., a peptide). NMR methodol-
ogy as applied to study weak interactions has been described in recent
reviews (Prudencio and Ubbink, 2004; Vaynberg and Qin, 2006).
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16 MATTE ET AL.

G. Amide Proton/Deuterium Exchange

This method allows mapping protein—protein interaction interfaces (for
reviews, see Lanman and Prevelige, 2004; Mandell et al., 2005) and is
especially useful for systems which have solubility or aggregation problems
and which are difficult to crystallize. Amide "H/*H exchange is followed by
proteolytic digestion and detection by MS. Both MALDI and electrospray
ionization techniques have been used successfully for such experiments.
Since fast exchanging amides at the protein—protein interface are most
useful for mapping the interfaces, the method is applicable for strong
complexes (K4 below 100 nM; (Mandell et al., 1998)). Alternatively, NMR
spectroscopy can be used as a read-out technique. The advantage of NMR
involves the detection of individual amide signals, but it requires isotope
labeling (at least '°N). Simpler exchange experiments, in which HyO is
replaced by *HoO in the buffer, are too slow to capture surface amides.
However, recent promising approaches based on using the aprotic solvent
DMSO allow detection of protected surface amides through analysis of
unfolded samples (Dyson et al., 2008; Hoshino et al., 2002). Such experi-
ments can be particularly suitable for large oligomeric complexes made up
of many small subunits.

V. EXPERIMENTAL DETERMINATION OF THE STRUCTURE OF PROTEIN
COMPLEXES

Due to the efforts of many individual research laboratories and more
recently, structural genomics programs worldwide, the number of struc-
tures of individual proteins has increased very rapidly. Often, one or
more of the components of a complex have a homolog with a known
structure. The availability of this information permits, in addition to
“high-resolution” methods, such as crystallography or NMR spectro-
scopy, the utilization of “low-resolution” methods including small-angle
X-ray scattering (SAXS), EM, and computational molecular docking.

A.  Crystallography of Protein Complexes

As with their preparation and characterization, the crystallization of
protein complexes also presents some special challenges. The influence
of the variety of ionic strength, pH, and chemical environments
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experienced by the protein complex during crystallization screening can
mean practically that weaker complexes (those having high micromolar
affinity) have a relatively low probability of yielding crystals. Crystallization
trials should include, in the case of binary complexes, various molar ratios
of the two proteins forming the complex. Protein complexes that form via
extensive interactions with one another, that have high affinity, and that
are relatively stable in solution, would appear to have the best chance of
crystallizing. One of the practical outcomes of crystallization is that it is not
unusual to obtain crystals of only one member of a protein complex
included in the initial screening, and so it is necessary to check any crystals
of the putative complex by careful washing and SDS-PAGE in order to
confirm the crystal’s content. There are few, if any, practical methods so far
to evaluate the formation or stability of a given protein complex under
conditions of sparse matrix crystallization screening. Efforts have been
made, however, to design specific crystallization screens for protein com-
plexes based on the published crystallization conditions of protein com-
plexes contained within the RCSB Protein Data Bank (Radaev et al., 2006)
and have led to the commercially available ProPlex crystallization screen
(http://www.moleculardimensions.com/). We have found the Protein Com-
plex Suite from Qiagen (http:/www1.qiagen.com/) to be especially useful.
In those cases where the complex is found to be recalcitrant to efforts to
crystallize it, the use of mutant proteins for one or more members of the
complex, either with the goal of enhancing stability, for example, by the
mutation of specific Cys residues, or using surface entropy mutagenesis
(Cooper et al., 2007) should be tried. As with individual proteins, attempt-
ing crystallization of the corresponding complex from various bacterial
orthologs is another potentially useful strategy.

Structure determination involves the same procedures as for indivi-
dual proteins. When the structure of a homolog of one of the proteins in
the complex is known, the molecular replacement method has a good
chance to lead to a full structure determination without resorting to
SeMet substitution and using anomalous dispersion to solve the struc-
ture. In such cases, even low-resolution data (3-3.5A) may provide
sufficient insight into complex formation if the model(s) of the protein
(s) from a higher resolution study already exist. In such a case, the crystal
of a complex diffracting to a resolution that would be too low for de novo
structure determination can still be valuable. This is an important factor
to keep in mind when assessing crystal usability.
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18 MATTE ET AL.

B. NMR Spectroscopy of Protein Complexes

Because the amide 'H and '°N chemical shifts are influenced by
different factors in their local environment, a 'H-'">N HSQC correla-
tion spectrum effectively provides a fingerprint of the folded state of a
protein. Backbone assignments of these spectra can be obtained for
proteins up to 25 kDa (or even greater size if the protein is deuterated)
by recording triple-resonance spectra that correlate sequential and
intra-residue 'HY, "N, and '"*C%'3CP signals that can be assigned to
specific amino acids in the protein sequence (Muhandiram and Kay,
1994). Once assignments are obtained, the 'H-'"N HSQC spectra of a
!"N-labeled protein, which shows one peak for every backbone amide
group in the protein, can be used to monitor its interaction with any
unlabeled ligand that is added to the labeled protein solution. An
example of this method as applied to the interaction of a yeast protein
with a peptide of its cognate binding partner is shown in Fig. 2.
Chemical shift perturbations (peak displacement or broadening) arise
from changes in the environment of the NMR nucleus and can be

124 -

15N

126 -

ppm 1 1 1
9.4 9.2 9.0 ppm

Fic. 2. NMR analysis of Ste50_RA/Opy2 peptide interactions. Overlay of regions
of "H-""N HSQC spectra for solutions containing a free RA domain (red) and
increasing ratios of unlabeled Opy2 peptide titrated into 'N-RA domain (orange,
blue, and green, respectively). The arrows indicate displacement of selected '"N-RA
domain peaks. (See Color Insert.)
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caused by direct protein—protein interactions or conformational
changes induced by the binding event. These perturbations can then
be mapped onto a protein structure to reveal interaction sites. Once
the binding sites are known, the relative orientation of proteins in a
complex can be readily determined using residual dipolar couplings
(RDCs) measured in dilute liquid crystals (Bax et al., 2001). RDCs can
generally be fitted to structures determined in solution or to crystal
structures, and can be used to derive more accurate structural models,
as exemplified by the NMR-based docking of an acyl carrier protein to
the acyl transferase enzyme LpxA (Jain et al., 2004).

NMR spectroscopy can also provide dynamic information that can be
used to further guide structural studies. Flexible termini or long loops
can hinder crystallization and their removal can increase the likelihood of
generating diffracting crystals (Page, 2008), but it is sometimes difficult to
identify these regions with certainty through sequence analysis alone.
The '"°N-'H heteronuclear NOE experiment (Kay et al., 1989) can be
used to determine domain boundaries and flexible regions of proteins, as
it depends on the rotational correlation time, which is itself a function of
the folded state of the amide group. Fast-tumbling amide groups have
negative heteronuclear NOE values whereas amide located in folded
regions have NOE values above 0.6, a feature that can be used to deline-
ate protein domains and to engineer recombinant protein constructs
amenable to crystallization.

C. Small-Angle X-ray Scattering

In recent years there has been a revival in the use of SAXS to analyze
protein shapes and conformations in solution (Koch et al., 2003; Putnam
etal.,2007). The basic experimental design consists of exposing a protein
solution to a collimated beam of hard X-rays and detecting X-rays scat-
tered at a small angle. Data can be acquired at various synchrotron
radiation facilities (SIBYLS beamline at the ALS, X33 at DESY, etc.) or
using in-house instruments, such as the SAXSess Kratky camera (Anton
Paar USA Inc, Ashland, VA; http://www.anton-paar.cony/), the NanoStar
U (Bruker AXS Inc., Madison, WI; http://www.bruker-axs.de/nanostar.
html), and the PSAXS (Rigaku Corp., The Woodlands, TX; http:/www.
rigaku.com/index_en.html). The resulting rotationally averaged scatter-
ing curve is a scattering vector (¢)-dependent intensity profile /() that
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20 MATTE ET AL.

depends on the electron density contrast between the protein and the
buffer, the shape and size of the protein, and intermolecular interfer-
ences (Glatter and Kratky, 1982). By recording SAXS profiles at different
protein concentrations and by subtracting the buffer contribution with a
blank measurement, it is possible to extrapolate the scattering curve
corresponding to that of an infinitely diluted single particle. Any buffer
can be used, but the salt concentration should be kept below 0.5 M to
reduce background scattering. Glycerol may be added (up to 5%) to
reduce radiation damage from synchrotron radiation. It is especially
important that the buffer is the same in the blank and protein samples:
ideally, the protein should be dialyzed and the dialyzate can be used as a
blank. Gel filtration is a useful last step for SAXS analysis as it removes
aggregates that can compromise data quality.

Various mathematical transformations can be applied to a scattering
curve to evaluate the state of a protein complex in solution. The Guinier
plot (¢* vs. In(I)) should be linear at very low angles (¢*Re<1.3) for a
monodisperse solution of globular particles (Guinier and Fournet, 1955).
Deviation from linearity in a Guinier plot indicates the presence of
aggregates, which compromise the scattering curve, thus preventing
further analysis (Fig. 3A). This quick and easy diagnostic can be run
prior to embarking on crystallization trials with a concentrated protein
solution, as the absence of aggregates correlates strongly with the prob-
ability of generating diffracting protein crystals (Jancarik et al., 2004). If
the Guinier plot is linear, the radius of gyration (R,) and the forward
scattering I, can be extracted from the slope and intercept of the plot,
respectively (Fig. 3A). The latter can be used to calculate the molecular
weight of the protein in solution as it depends solely on the mass and
concentration of the scattering particle. This information can be used to
determine the stoichiometry of a protein complex or oligomer. Finally, if
the Guinier plot obtained at different protein concentrations shows a
marked change in R, and Iy/c values, it reveals the formation of
concentration-dependent oligomers that can compromise SAXS analysis
and crystallization experiments. Another useful diagnostic tool is the
Kratky plot (g vs. I*¢%), which is an indicator of the folded state of a
protein (Putnam et al., 2007). Folded globular proteins show a typical
bell curve whose ¢ value at the maximum can be used to determine an
approximate molecular weight, whereas unfolded proteins show a
plateau-shaped curve with no distinct peak.
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Fic. 3. Use of SAXS in structural genomics of protein complexes. (A) The Guinier
plot, which is the square of scattering vector ¢ (47 sin 6/\) versus the natural logarithm
of the intensity, can be used as a diagnostic of protein aggregation and size in solution.
An example is shown here for a protein complex concentrated to 4 mg/ml in two
different buffer conditions. Monodisperse globular particle solution should give a
linear Guinier within the range ¢min t0 gmax*Rs < 1.3, as observed in condition 2.
The slope enables calculation of R, whereas the intercept enables the molecular weight
to be determined if the concentration is known accurately. (B) The pair-density
distribution function P(r) allows the identification of a biological unit from a crystal
structure that gives two possible hexameric forms (models 1 and 2). The experimental
P(r) function is much more similar to the hexamer #2, which implies that the protein
forms hexamer of this type in solution. (See Color Insert.)

Although the information content of a scattering curve is relatively low,
the combination of SAXS with other types of structural data can yield
valuable information on the conformation of protein complexes in solu-
tion. The group of Dmitri Svergun at the EMBL-Hamburg has devel-
oped several data processing and analysis programs for SAXS (http://
www.embl-hamburg.de/Externallnfo/Research/Sax/software.html). A
one-dimensional distance distribution function, P(r), can be calculated
from a scattering curve by inverse Fourier transformation using pro-
grams such as GNOM (Svergun et al., 2001) or GIFT (Bergmann el al.,
2000). The P(r) function provides a first glance at global structural
features of a protein complex, that is, its maximum diameter (D.y),
the distance between globular domains, and whether it is spherical or
elongated (Fig. 3B). Scattering curves and the P(r) function can be com-
puted directly from PDB coordinates and compared with experimental
curves using the program CRYSOL (Svergun et al., 1995). This
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procedure is useful to determine the oligomeric state of a protein com-
plex in solution and to identify physiologically relevant binding interfaces
in protein crystal structures (Fig. 3B). SAXS can also be used to ascertain
conformational changes in a protein induced upon addition of small
molecule inhibitors or cofactors. If the structures of individual compo-
nents forming a complex are available, it is possible to perform a rigid-
body docking of these structures to fit the experimental data. Finally,
ab initio shape reconstruction can also be performed to model the shape
of the scattering particle using an ensemble of dummy spheres with
restraints that best represent the compactness of protein structures
(Svergun et al., 2001).

D.  Computational Molecular Docking with Experimental Restraints

In a number of cases, the individual structures of interacting proteins
are available, although efforts to co-crystallize the corresponding protein
complex prove to be elusive. This is rather typical for transient interac-
tions, where proteins do not possess high binding affinity. One of the
possible ways to overcome this problem is the use of molecular docking to
produce low-resolution complex models. The docking methods are clas-
sified into global methods based on geometric matching, Monte Carlo
methods, and restraint-based High Ambiguity Driven biomolecular
DOCKing (HADDOCK) approaches (Vajda and Kozakov, 2009). While
the accuracy and reliability of predictions have improved significantly in
recent years, the results of the first community-wide critical assessment of
predicted interactions (CAPRI) experiment suggest that the addition of
experimental information is critical to improve the accuracy of predicted
models (Janin et al., 2003).

The HADDOCK program makes ready use of experimental data to
drive docking, unlike other approaches based on a combination of ener-
getics and shape complementarity (Dominguez et al., 2003). A variety of
data, including NMR measurements, site-directed mutagenesis, and
sequence conservation analysis, can be introduced as restraints for dock-
ing calculations. In particular, NMR is a valuable tool in obtaining HAD-
DOCK restraints, including ambiguous interaction restraints (AIRs) from
chemical shift mapping of interacting surfaces, unambiguous distance
restraints in the form of intermolecular NOEs, and orientational
restraints as RDCs. While NMR has limitations in terms of the size of
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proteins that can be easily studied, binding data can often be obtained for
individual domains of multi-domain proteins.

The predicted structural model of the complex can be further
confirmed using site-directed mutagenesis. Though the computational
models lack the atomic resolution details of binding determinants,
binding-deficient mutants can be designed and used by biologists to test
the physiological importance of the protein complex in question, thereby
providing important new information.

VI. ExamprLES OF CHARACTERIZATION OF BACTERIAL PROTEIN COMPLEXES

In the following we provide several examples from our own work,
illustrating various applications of the methodologies described in the
preceding sections. These examples illustrate both the characterization of
protein complexes and their structure determination by a variety of
methods.

A. TtdA-TtdB: The 1-tartrate Dehydratase of E. coli

E. coli utilizes L-tartrate as a fermentable carbon source under anae-
robic conditions, viea conversion to oxaloacetate. A hetero-tetrameric
09Be enzyme made up of two copies of TtdA and TtdB constitutes
the E. coli L-tartrate dehydratase enzyme (Reaney el al., 1993). The
TtdA subunit contains a 4Fe—4S cluster, giving the protein a brown
color and making the enzyme sensitive to oxygen. This enzyme is
specific for the L-isomer of tartrate, with p-tartrate metabolized via
the enzyme fumarase (Kim et al., 2007a). Crystal structures are avail-
able for p-tartrate dehydratase (Yew et al., 2006), but not for the L-
specific enzyme. In order to obtain a structure for E. coli L-tartrate
dehydratase, we have cloned, expressed, and purified the TtdA and
TtdB subunits and attempted re-constitution of the enzyme by mixing
and analysis by gel filtration chromatography. In this experiment, we
did not succeed in obtaining the hetero-tetrameric complex. As an
alternative strategy, we PCR-amplified the #tdA-itdb genes in tandem
and cloned them into several expression vectors. Co-expression of the
two proteins together readily resulted in a well-behaved TtdA-TtdB
complex. Efforts to crystallize this enzyme in the presence and absence

Font: BaskervilleBT & Helvetica Size:10/12.5pt Margins:Top:26.5mm Gutter:17mm T.Area:114mmx175mm 1 Color

Floats: Top/Bottom

Lines: 38

Fresh Recto



India APC-76 Chapter 1 19-10-2009 15:26 Page: 24 Trim: 152mmx229mm

01

02

03

04

05

06

07

08

09

20

21

22

23

24

25

26

27

28

29

24 MATTE ET AL.

of L-tartrate are ongoing. Our work on this complex illustrates the
advantage, in this instance, of cloning and expression of both contig-
uous genes as one unit, as opposed to expressing, purifying, and
mixing purified subunits individually.

B.  MnmG-MnmE: An Enzyme Complex Involved in tRNA Modification

Bacteria extensively process and modify tRNA molecules, in part, to
enhance codon-anticodon recognition, necessary for fidelity during
translation (Bregeon et al., 2001). One such modification involves the
attachment of a 5-carboxymethylaminomethyl (cmnm) group onto the
uridine base of U34 of selected tRNAs. A pathway responsible for synthe-
sizing the cmnm group on U34, consisting of several enzymes, has been
elucidated in E. coli. A FAD-dependent oxidoreductase, MnmG, GTPase,
and MnmE function together to generate an intermediate form of the
cmnm group subsequent to its methylation by MnmC. Using gel filtration
chromatography, it has been shown that MnmG and MnmE form a 2:2
aofe hetero-tetrameric complex in vitro (Yim et al., 2006). Co-expression
and purification of MnmG and MnmE in pET-Duet revealed that MnmE
is able to co-purify with a His-tagged form of MnmG, although the
quantity of MnmE appeared to be sub-stoichiometric, illustrating one of
the limitations of co-expression in the case of weaker protein complexes.
The MnmG interacting surface involves the C-terminal ~50-70 residues,
as deletion of this region results in loss of complex formation with MnmE
(Meyer et al., 2008, M. Cygler, unpublished data). Additional studies,
including alanine-scanning mutagenesis of the C-terminal region of
MnmG, combined with protein—protein binding analysis by SPR or
ITC, will be required to more precisely map the MnmG-MnmE
interface.

C. HypE-HypF and HypC—HypD: Protein Complexes Involved
in [NiFe] Hydrogenase Maturation

The E. coli genome encodes three hydrogenase systems in which the
large hydrogenase subunit incorporates a [NiFe] metallocenter for its
function (Forzi et al., 2007). Hydrogenases make use of a number of
maturation enzymes to synthesize the CO and CN ligands which are
incorporated into the metal center. The two proteins required for

Floats: Top/Bottom

Font: BaskervilleBT & Helvetica Size:10/12.5pt Margins:Top:26.5mm Gutter:17mm T.Area:114mmx175mm 1 Color Lines: 38 Fresh Recto



India

01

02

03

04

05

06

07

08

09

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

APC-76 Chapter 1 19-10-2009 15:26 Page: 25 Trim: 152mmx229mm

PREPARATION AND CHARACTERIZATION OF BACTERIAL PROTEIN COMPLEXES 25

synthesis of the cyano moiety are HypE and HypF (Jacobi et al., 1992).
HypF is an ATP-dependent enzyme, utilizing carbamoyl phosphate to
generate a thiocarabamate moiety, which is transferred to the C-terminus
of HypE (Reissmann et al., 2003). This thiocarbamate then undergoes
dehydration to a cyano moiety in an ATP-dependent reaction catalyzed
by HypE (Blokesch et al., 2004b). Previously, we have determined the
crystal structure of E. coli HypE and characterized its interaction with
HypF using several approaches (Rangarajan et al., 2008). The affinity of
the two proteins for one another was measured using both SPR and ITC,
giving a K4 of approximately 400 nM. Gel filtration and scanning densi-
tometry of SDS-PAGE gels were used to determine that the proteins form
a 2:2 hetero-oligomeric complex. Depending on protein concentration, a
1:1 HypE-F complex also was observed. The SPR sensorgrams were
consistent with a model in which a conformational change occurs in
HypE-F upon complex formation. In order to define more precisely
the binding site between HypF and HypE, a truncated version of HypF
lacking residues 1-191 was PCR-amplified, expressed in E. coli, purified,
and mixed with purified HypE protein. Analysis of the protein mixture
revealed that this shorter version of HypkF still forms a complex with
HypE, and that the HypF deletion in the presence of HypE is apparently
better behaved than the truncated version of the protein alone (Fig. 4A).
The apparent mass of the complex by DLS, 100 kDa, is most consistent
with a 1:1 stoichiometry of the two proteins (Fig. 4B). This apparent
stoichiometry if further validated by SDS-PAGE analysis of fractions
from SEC analysis of the complex (Fig. 4C). Efforts to further delineate
the HypE-F interaction surface are ongoing.

In addition to complex formation between HypE and HypF, two other
proteins, HypC and HypD, have been shown to form a complex together,
as well possibly also with bound HypE (Blokesch et al., 2004a). The
function of the HypC-D complex is to presumably deliver Fe to the
hydrogenase active site, as HypC binds Fe as a [4Fe-3S]*" cluster (Blo-
kesch et al., 2004a) and also forms a specific interaction with the precur-
sor form of the hydrogenase 111 large subunit (Drapal and Bock, 1998).
The molecular details of how HypC-D interact and donate the Fe atom to
the large hydrogenase subunit remains unknown, although a model for
the HypC-D complex has been proposed, based on the crystal structures
of both proteins from Thermococcus kodakaraensis (Watanabe et al., 2007).
We have focused on determining the co-crystal structure of £. coli HypC—
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Fic. 4. Protein—protein complex between E. coli HypE and a deletion construct
(A1-191) of E. coli HypF. (See Color Insert.)

D in order to address these questions. We have demonstrated complex
formation between HypC-D by SEC, as well as by ITC. Titration of HypC
into HypD yielded an association constant, K,, of 200 nM, with an appar-
ent 1:1 stoichiometry of the two proteins (Fig. 5). Based on the thermo-
dynamic data, the interaction between the two proteins is primarily
entropy driven, with the overall binding reaction being endothermic.

D. YaeO-Rho: Inhibition of Rho-Dependent Transcription Termination

Transcription termination is the process where a nascent RNA is
released from its complex with RNA polymerase and the DNA template.
In bacteria, two main mechanisms of transcription termination have been
described. These mechanisms, commonly referred to as Rho-
independent and Rho-dependent termination, are essential for the reg-
ulation of bacterial gene expression (Richardson and Greenblatt, 1996).
Rho-dependent termination requires the presence of a hexameric heli-
case, Rho (Brown et al., 1981), an essential transcription factor that binds
nucleic acids at specific termination sites (rut), and translocates along the
RNA until it reaches the transcription complex (Geiselmann et al., 1993;
Platt, 1994; Richardson, 1996). One of the Rho-specific inhibitors of
transcription is the product of the yaeO gene, which reduces termination
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5 hydrogenase maturation proteins, HypC and HypD, from E. coli. The calculated
association constant is 200 nM, with an apparent n value of 1.

1 in the Rho-dependent bacteriophage terminator tL.1, and upstream the
s autogenously regulated gene rho (Pichoft et al., 1998). Overexpression of
s YaeO can cause the pleiotropic suppression of conditional lethal muta-
» tions in cell division and heat shock genes, such as fsQ, fisA, grpE, groEL,
s and groES (Pichoff et al., 1998).
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We first determined the NMR solution structure of YaeO that revealed
a topologically similar fold to that of the RNA-binding domain of small
ribonucleoproteins (Sm-fold) (Gutierrez et al., 2007). In order to under-
stand the mechanism of transcription termination inhibition by YaeO,
NMR experiments were used to characterize the interaction of YaeO with
Rho in vitro. We used the N-terminal fragment (residues 1-130), referred
as Rho130, that corresponds to the primary RNA binding site of Rho and
has been shown to be a good model of Rho-oligonucleotide interactions
(Briercheck et al., 1998). The titration resulted in mapping the binding
site of Rho130 on YaeO, which consists of the N- and C-termini, helix o1,
and strands B3, B4, B5, and B7. These regions localize to one edge of the
B-sandwich with clustered acidic residues. As the structure of Rho130 has
been also determined (Briercheck et al., 1998), we mapped the YaeO
binding site on Rhol30 that partially overlaps with the RNA binding
surface, suggesting a mechanism of transcription termination inhibition.

As NMR titration data for the YaeO-Rho interaction was obtained for
both proteins, a docking model of the complex was calculated using
HADDOCK (Dominguez et al., 2003). AIRs were derived from the
NMR titration data by selecting residues with both the biggest chemical
shifts and solvent accessibility. The resulting model is compatible with the
hexameric Rho structure and reflects the charge complementarities of
the interacting protein surfaces (Fig. 6B). This is consistent with n vitro
binding results that show that the YaeO-Rho interaction is salt depen-
dent and can be disrupted at high ionic strengths (Pichoff et al., 1998).
Importantly, the structural model was used to design the D14K, E19K,
and E52K YaeO mutants that prevent inhibition of Rho activity using an
in vivo B-galactosidase assay (Gutierrez et al., 2007).

E. SufBCD: A Protein Complex Involved in Bacterial Fe—S Cluster
Synthesis Under Stress Conditions

Iron—sulfur clusters are important metal cofactors in enzymes involved
in a wide range of biological processes including respiration and the
regulation of gene expression (Johnson et al., 2005). Under most condi-
tions, E. coli uses a general ISC pathway for the assembly of Fe-S pro-
teins, but under conditions of oxidative stress bacteria can employ an
alternative, Suf pathway (Nachin et al., 2001). This pathway is well con-
served in microorganisms and may play a role in bacterial pathogenesis
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3 Fic. 6. (A) Model of the YaeO-Rho130 complex calculated with the program
50 HADDOCK. YaeO is colored green and Rho130 is purple. (B) The YaeO/Rho130
model is compatible with the open-ring, hexameric form of Rho, accommodating six
molecules of YaeO (in green) per Rho hexamer. The RNA-binding domain of Rho is
colored purple and the ATP-hydrolysis domain is blue. (See Color Insert.)

s by helping bacteria deal with the host immune response. The Suf system
% consists of a cysteine desulfurase (SufS) and five accessory proteins (Suf A,
» B, C, D, and E). SufBCD has been found to associate as a stable complex
s and to act synergistically with SufE to enhance the activity of the
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desulfurase SufS (Outten et al., 2003). Our goal is to determine the three-
dimensional structure of the SufBCD complex in order to examine the
protein—protein interactions among the components of the cysteine def-
sulfurase activator complex.

Initially the SufB, SufC, and SufD proteins were expressed sepa-
rately in order to assemble the complex from purified components.
While it proved possible to obtain pure samples of SufC and SufD
using Ni-affinity chromatography, the final yield of SufC was low. We
were able to improve the yield by combining the cell lysates from
separately expressed SufC and SufD and co-purifying the complex.
Unfortunately, expression of SufB on its own resulted in protein accu-
mulating as insoluble aggregates, thwarting efforts to assemble the
SufBCD complex from purified components. In an attempt to circum-
vent this problem, we decided to co-express all three components and
purify the SufBCD complex. To accomplish this we cloned the entire
sufABCDSE operon using an existing protocol (Outten et al., 2003).
Purification of the SufBCD complex was then carried out using a
combination of anion exchange and SEC. Preliminary SDS-PAGE gels
of these samples indicate the presence of proteins with molecular
weights of 29, 47, and 55 kDa, values consistent with those of SufC,
SufD, and SufB, respectively. By expressing the suf operon as a unit,
we have been able to achieve the partial purification of the E. coli
SufBCD complex. Additional purification steps will be required prior
to crystallization trials.

F.  SdbA-CipA: The Mechanism of Cellulosome Cell-Surface Attachment

The cellulosome is a large cell-surface bound multi-enzyme complex
that synergistically degrades plant cell wall polysaccharides. First discov-
ered in the thermophilic anaerobe Clostridium thermocellum, cellulosomes
have since been identified in a variety of other anaerobic bacteria, rum-
inal bacteria, and anaerobic fungi (Bayer et al., 2004). In general, the
cellulosome can be divided into three modular protein components: (1)
cell-surface proteins, (2) scaffold proteins, and (3) enzymes (Fig. 7A).
Cellulosome assembly is mediated by conserved calcium-dependent pro-
tein—protein interaction modules called cohesins (Coh) and dockerins
(Doc) (Bayer et al., 2004). At least three types of Coh—Doc pairings exist,
although they do not exhibit any cross specificity for other types (Ding
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3 Fic. 7. (A) Cellulosome architecture: dark blue, type II Coh; green, type IT Doc;
s+ pink, X-module; yellow, type I Coh; orange, type I Doc-containing enzymes. (B) Coh—
;s DocX crystal structure: dark blue, type IT Coh; green, type II Doc; pink, X-module;
orange, calcium ions. (C) Crystal structures of Coh-DocX and two type I Cohs aligned
with the SAXS structure of CohII-DocXCohICohlI: gray, SAXS envelope; dark blue,
3 type II Coh; green, type II Doc; pink, X-module; yellow, type I Coh; orange, calcium
33 ions. (See Color Insert.)
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et al., 2001). The scaffold subunit of C. thermocellum, CipA contains a
C-terminal type II Doc module that anchors it to type 11 Coh-containing
cell-surface proteins, nine type I Coh modules that bind to type I Doc-
containing hydrolases, an X-module of unknown function, and a
cellulose-binding domain (CBD) (Fujino et al., 1993) (Fig. 7A). To date,
three type IT Coh-containing cell-surface proteins and more than 70 type
I Doc-containing cellulases and hemicellulases have been identified in
C. thermocellum, which offers a large degree of subunit plasticity (Bayer
et al., 2004).

We have characterized the mechanism of cellulosome cell-surface
attachment in C. thermocellum, both biochemically and structurally, using
several methods including I'TC, DSC, SAXS, and X-ray crystallography.
The type II Coh module from SdbA and a C-terminal fragment of CipA
containing both the type II Doc and the X-module (DocX) were cloned,
expressed, purified from inclusion bodies under denaturing conditions,
and refolded (Adams et al., 2004). ITC and DSC data indicate 1:1 binding
and an ultra-high-affinity association constant (K,) of 1.44 x 10'® M~
(Adams et al., 2006). We solved the crystal structure of this complex to
9.1A resolution using X-ray crystallography (Adams et al., 2006)
(Fig. 7B). The complex is elongated, with a highly hydrophobic interface
and extensive hydrogen bonding between the X-module and both Doc
and Coh modules (Adams ez al., 2006). The elongated structure allows the
cellulosome to extend away from the surface of the cell to contact its
extracellular substrate. Based on the observed X-module interactions, we
propose a role for the X-module in Doc structure stability as well as in
enhanced Coh recognition. The structure also provides a rationale for
type I and type II Coh-Doc specificity, based on differences in Doc
orientations, interface physicochemical properties, and X-module invol-
vement. SAXS was used to gain further insight into the arrangement of
neighboring modules. We solved the structure of the type 11 Coh of SdbA
in complex with a fragment of CipA containing the type II Doc, the X-
module, and two of the neighboring type I Cohs using SAXS (Fig. 7C).
The SAXS envelope reveals an elongated, bent structure with no inter-
actions evident between either of the type I Cohs and the other modules.
This work illustrates a unique mode of cell-surface attachment, delineates
a putative function for the previously uncharacterized X-module, and
provides rationale for the specificity of type I and type II Coh-Doc
modules.
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VII. FuUTURE PERSPECTIVES

The expression, purification, and crystallization of protein complexes
pose challenging problems, both technically and scientifically. Tremen-
dous effort will be required to validate high-throughput proteomics data
and expand the list of tractable bacterial protein complexes that will be
amenable to structural analysis. We can be certain that a great many
protein complexes remain to be discovered. New methodologies, such as
the use of whole-genome protein arrays (Oishi et al., 2006), and in vivo
split-protein complementation assays (Remy et al., 2007) will contribute to
discovering new protein—protein interactions. One approach that is likely
to identify several new complexes is the systematic expression of bacterial
operons, incorporating affinity tags at different points within the operon in
order to “fish-out” interacting proteins. There is good reason to believe
that functional linkages among proteins, including genetic linkage, can be
used as a means to predict proteins that will interact (Kim et al., 2007b).
Knowledge of both predicted and experimentally observed disorder of
individual proteins may offer an alternative avenue to identify new inter-
acting proteins, as the presence of disorder correlates with some extent to a
propensity to form a complex (Hegyi et al., 2007). Despite the hurdles,
many new and ultimately important biological insights will emerge from
the structural analysis of protein complexes in the years ahead.
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