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ABSTRACT OF THE DISSERTATION

The Structures, Functions, and Evolution of Sm-like Archaeal Proteins

by

Cameron Mura

Doctor of Philosophy in Biochemistry and Molecular Biology
University of California, Los Angeles, 2002

Professor David Eisenberg, Chair

Sm proteins were discovered nearly 20 years ago as a group of small antigenic
proteins (= 90-120 residues). Since then, an extensive amount of biochemical and genetic
data have illuminated the crucial roles of these proteins in forming ribonucleoprotein
(RNP) complexes that are used in RNA processing, €.9., spliceosomal removal of introns
from pre-mRNAs. Spliceosomes are large macromolecular machines that are comparable
to ribosomes in size and complexity, and are composed of uridine-rich small nuclear
RNPs (U snRNPs). Various sets of seven different Sm proteins form the cores of most
snRNPs. Despite their importance, very little is known about the atomic-resolution
structure of snRNPs or their Sm cores. As a first step towards a high-resolution image of
snRNPs and their hierarchic assembly, we have determined the crystal structures of
archaeal homologs of Sm proteins, which we term Sm-like archaeal proteins (SmAPs).

Beginning with a Pyrobaculum aerophilum (Pae) structural genomics pilot

project, we determined the structure of Pae SmAPI. This structure provided the first
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direct evidence for a toroid-shaped Sm homoheptamer at the snRNP core, and provided
many insights and implications for SmAP evolution and RNA binding in Sm cores. Then,
in order to extend these results, we solved the structure of Pae SmAP1 and a heptameric
methanobacterial SmAP (Mth SmAP1) bound to uridine-5’-monophosphate (UMP); the
uracil bases line the heptamer pore in the Mth ligand-bound structure, and suggest a more
specific model for RNA binding than we were able to propose earlier.

Further characterization of the oligomerization and ligand-binding properties of
Mth and Pae SmAP1s has allowed us to conclude that: (i) SmAPs form several oligomers
besides the archetypal heptamer, including 14-mers and fibrillar polymers; (ii) Mth
SmAP1 and Archaeoglobus fulgidus (Afu) SmAP1 recognize uracil bases in a nearly
identical manner, suggesting a conserved RNA-binding mode for SmAPs; and (iii) Pae
and Mth SmAP1s gel-shift supercoiled DNA, perhaps by nonspecific binding to single-
stranded DNA. Our sequence analyses shed light on the evolution of Sm proteins: the
SmAP module is a phylogenetically well-conserved domain that probably gave rise to
modern (eukaryotic) Sm heteroheptamers via gene duplication and neutral drift. Crystal
structure determinations for Pae SmAP2 and SmAP3 proteins are currently in progress,
and will deepen our understanding of Sm protein function and evolution.

As part of the same Pae structural genomics project, we solved two structures that
are unrelated to the SmAP work: an archaeal homolog of survival protein E (Pae SurEa.)
and a putative Pae Nudix protein. The final two chapters of this dissertation describe

these structures and their significance.
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A synopsis of the dissertation



The research reported in this dissertation is primarily concerned with Sm-like
archaeal proteins (SmAP), which are archaeal homologs of eukaryotic Sm proteins. The
Sm family is a broad, phylogenetically well-conserved set of proteins that function in
several aspects of RNA processing, as described in an introductory chapter on the
background and significance of Sm proteins in RNA metabolism (Chapter 1). Eukaryotic
Sm and Sm-like (Lsm) proteins bind to small nuclear RNAs to form the core of several
ribonucleoprotein (RNP) particles, most notably the uridine-rich small nuclear RNPs (U
snRNP) that constitute the spliceosome (which in turn splices introns out of pre-mRNA).
Since the biological function of Sm proteins has been most characterized in the context of
U snRNPs and their role in spliceosome assembly and intron excision, the emphasis in
Chapter 1 is on what is known about the canonical human and yeast Sm proteins and their
involvement in intron splicing. However, the vast diversity of RNA metabolism -
together with the central role of Sm proteins in forming the cores of U sSnRNPs — makes it
likely that Sm, Lsm, and SmAP proteins are involved in a wide range of RNP complexes
in addition to U snRNPs, and may justify the generalization of our SmAP results to
include non-splicing functions (e.g., Sm-like proteins as RNA chaperones).

Over a decade of biochemical and genetic data suggests that a heteroheptamer of
Sm proteins is the biologically relevant species at the core of eukaryotic SnRNPs. In order
to obtain a high-resolution image of the structure and function of Sm proteins, we
determined the crystal structure of SmAP1 from Pyrobaculum aerophilum (Pae) at a
resolution of 1.75 A (Chapter 2 is a reprint of the article which describes this structure).

Pae SmAP1 was found to form a homoheptameric ring perforated by a cationic pore, thus



providing the first direct evidence for such an assembly in eukaryotic SnRNPs.
Additionally, the structure: (i) showed that Pae SmAP homodimers are structurally
similar to two human Sm heterodimers; (ii) supported a gene duplication model of Sm
protein evolution; and (iii) suggested features that may be important in RNA binding
(such as the cationic pore). In order to extend or generalize these results, we then studied
another archaeal Sm protein — Methanobacterium thermautotrophicum (Mth) SmAP1.
Chapter 3 describes the oligomerization and ligand-binding properties of Mth and
Pae SmAP1s (in preparation for publication). The Mth SmAP1 structure was determined
in three crystal forms, each with different heptamer packings. In one of the forms an Mth
SMAP1 14-mer co-crystallized with uridine-5’-monophosphate (UMP), and showed that
our earlier, speculative model for RNA binding is probably incorrect (intercalation of
uracil bases between conserved pore side chains suggests that RNA may wrap around the
pore, not thread through it). The five Pae and Mth crystal structures contain various small
molecules bound in what appear to be conserved ligand-binding sites. We fortuitously
discovered that Pae and Mth SmAP1 gel-shift negatively supercoiled DNA. In addition to
presenting these ligand binding properties, Chapter 3 describes the following features of
the oligomerization of SmAPSs: (i) Pae SmAP1 forms disulfide-bonded 14-mers, whereas
Mth SmAPL is almost exclusively heptameric in vitro; (ii) Pae SmAP1 forms sub-
heptameric states when its inter-subunit disulfide bonds are reduced; (iii) both Pae and
Mth SmAP1 polymerize into polar fibers by the head-to-tail stacking of heptamers. Our
crystal structures of Pae SmAPL in two crystal forms and Mth SmAPL in three crystal

forms corroborate these novel oligomerization and polymerization properties of SmAPSs.



The final two chapters describe two other crystal structures that we determined —
an archaeal homolog of survival protein E (Pae SurEa, Chapter 4) and an archaeal
homolog of Nudix proteins (Chapter 5). These proteins are unrelated to the SmAP work,
and were solved in the course of a P. aerophilum structural genomics pilot project
(although a recent report of the Sm-like properties of E. coli Hfg protein suggests a weak
link between Sm proteins and SurE — see the introduction in Chapter 3). One of the
interesting findings of this work was that crystalline Pae SurEa is an inhomogeneous
mixture of domain swapped and non-domain swapped dimers. The account of the SurEa
structure in Chapter 4 is an adaptation of a manuscript submitted for publication, and the
description of the Pae Nudix structure in Chapter 5 is adapted from a published article
(see chapter title pages for citations). The work reported in Chapter 5 was done in
collaboration with Dr. Shuishu Wang of UCLA. After creating a Pae Nudix M16L point
mutant by site-directed mutagenesis, | over-expressed, purified, and crystallized this
protein in a P2; form (“Native-2” in Chapter 5). | then used the structure of Dr. Wang’s
P2:212; “Native-1” dimer as a molecular replacement search model for the Nudix
tetramer found in the asymmetric unit of the P2; form.

The Appendix provides some of the more useful scripts that were used in the
research of this dissertation. All of these utilities were written in either the UNIX C shell
or the Perl scripting language, and a brief description of each script is provided at the
beginning of the Appendix. Two notes regarding these programs are: (i) the
scripted_glrf.sh, alter.pl, and process_bigrun.pl trio uses a published program (GLRF)

to calculate cross-rotation functions that are systematically varied over the integration



radius and resolution limits of diffraction data, and processes the output in a user-friendly
format; and (ii) the rare codon calculator accepts query DNA sequences at the following
URL: http://www.doe-mbi.ucla.edu/cgi/cam/racc.html.

As a final note on the SmAP work, sequence analysis suggests that P. aerophilum
has two other Sm-like proteins, Pae SmAP2 and SmAP3. We have cloned and purified
these proteins, and their structure determinations are in progress for the following
reasons: (i) SmAP2 and SmAP3 co-crystallized with UMP, so their likely RNA-binding
sites may be revealed and compared to known uracil binding sites; (ii) due to its Loop-4
insertion, the SmMAP3 sequence more closely resembles certain eukaryotic Sm proteins
than does any other SmAP; (iii) the SmAP2 and SmAP3 paralogs may provide insight
into gene duplication as a mechanism for the evolution of eukaryotic Sm
heteroheptamers; (iv) the collection of Pae SmAP1l, SmAP2, and SmAP3 crystal
structures will provide a high-resolution picture of the entire Sm protein complement of
Pae, and serve as a starting point for further biochemical and biophysical experiments
that will address the function of SmAPs in archaea (which presumably do not contain
SnRNPs). Progress towards the crystal structures of these two new SmAPSs is not reported
in this dissertation, although we are far along: diffraction data to 2.0 A have been
processed from native SmAP2 crystals, and phases have been calculated to 2.0 A for
derivatized SmAP3 crystals (see pg. 32). Preliminary results suggest that SmAP2 and
SmMAP3 are also heptamers, and these structures are anticipated within the next few

months.
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