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ABSTRACT: Box C/D ribonucleoproteins (RNP) guide the
2'-O-methylation of targeted nucleotides in archaeal and
eukaryotic rRNAs. The archaeal L7Ae and eukaryotic 15.5kD
box C/D RNP core protein homologues initiate RNP assembly
by recognizing kink-turn (K-turn) motifs. The crystal structure
of the 15.5kD core protein from the primitive eukaryote Giardia
lamblia is described here to a resolution of 1.8 A. The Giardia
15.5kD protein exhibits the typical o.—f—a sandwich fold
exhibited by both archaeal L7Ae and eukaryotic 15.5kD pro-
teins. Characteristic of eukaryotic homologues, the Giardia
15.5kD protein binds the K-turn motif but not the variant
K-loop motif. The highly conserved residues of loop 9, critical

for RNA binding, also exhibit conformations similar to those of

the human 15.5kD protein when bound to the K-turn motif.
However, comparative sequence analysis indicated a distinct

G. lamblia 15.5kD (green)
A. fulgidus LTAe (grey)

K-turn RNA

evolutionary position between Archaea and Eukarya. Indeed, assessment of the Giardia 15.5kD protein in denaturing experiments
demonstrated an intermediate stability in protein structure when compared with that of the eukaryotic mouse 15.5kD and archaeal
Methanocaldococcus jannaschii L7Ae proteins. Most notable was the ability of the Giardia 15.5kD protein to assemble in vitro a
catalytically active chimeric box C/D RNP utilizing the archaeal M. jannaschii Nop56/58 and fibrillarin core proteins. In contrast, a
catalytically competent chimeric RNP could not be assembled using the mouse 15.5kD protein. Collectively, these analyses suggest
that the G. lamblia 15.5kD protein occupies a unique position in the evolution of this box C/D RNP core protein retaining structural
and functional features characteristic of both archaeal L7Ae and higher eukaryotic 15.5kD homologues.

Box C/D small ribonucleoprotein complexes (snoRNPs or
sRNPs) %uide the 2'-O-methylation of specific nucleotides
within rRNA."” These nucleotide modifications are important for
both ribosome biogenesis and function. Box C/D RNAs possess
conserved terminal box C and D and internal C’ and D’ nucleotide
sequences that fold to establish kink-turn (K-turn) and kink-loop (K-
loop) motifs, respectively.’> These motifs are recognized by core
proteins to assemble the box C/D and C'/D' RNP complexes.
Guide sequences located adjacent to boxes D and D’ form base pairs
with complementary sequences in rRNA to determine the specific
nucleotide for modification with the associated RNP core proteins
catalyzing the nucleotide modification reaction.’ Four core proteins
are used to assemble the eukaryotic box C/D small nucleolar
ribonucleoprotein complexes (snoRNPs). The 15.5kD core protein
initiates snoRNP assembly followed by the binding of NopS6,
Nop58, and the methyltransferase fibrillarin.” The highly homo-
logous core proteins L7Ae, Nop56/58, and fibrillarin assemble the
archaeal box C/D snoRNA-like ribonucleoprotein complex
(sRNP). 1013
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The eukaryotic 15.5kD and archaeal L7Ae core proteins initiate
assembly of their respective box C/D RNPs by recognizing the
terminal box C/D K-turn and internal C' /D’ K-loop motifs.' ">+
The K-turn motif is characterized by an asymmetric bulge flanked by
short stem structures I and IL* Tandem-sheared G-A base pairs
hydrogen bonding across the asymmetric bulge ultimately stack
upon stem II, thereby stabilizing this RNA element and inducing a
sharp kink or turn of 125°. For the K-loop motif, stem II is replaced
by a small loop structure.” In vitro binding studies have demonstrated
that archaeal L7Ae binds both the K-turn and K-loop motifs to
initiate box C/D and C'/D’ RNP assembly, respectively.'®'” Similar
in vitro binding analysis has shown that the eukaryotic 15.5kD core
protein recognizes only the box C/D K-turn,'"'%'®

The eukaryotic and archaeal members of the L7Ae/L30
protein family share a conserved RNA binding region and
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recognize the K-turn motif."” Ribosomal proteins L7Ae and
rpL30e are archaeal members of this family. Family members
in eukaryotes are more numerous and include 15.5kD, SBP2,
Nhp2p, and Rpp38p proteins and ribosomal proteins rpL30 and
rpL7a. Several of these proteins recognize multiple RNAs and
thus have multiple functions as RNP proteins. Notable among
these are the archaeal L7Ae and eukaryotic 15.5kD homologues.
Archaeal L7Ae functions as both a ribosomal protein and a core
protein of the box C/D and H/ACA sRNPs. In eukaryotes, the
15.5kD protein is a core protein of both the box C/D snoRNPs
and the spliceosomal U4 small nuclear ribonucleoprotein com-
plex (snRNP). Both L7Ae and the 15.5kD protein recognize a
K-turn motif in the respective RNAs. Only archaeal L7Ae binds
the variant K-loop in vitro, although recent experiments indicate
that both L7Ae and 15.5kD proteins are assembled into the C'/
D’ RNP complex via protein—protein interactions.'” Numerous
crystal structures of archaeal L7Ae and eukaryotic 15.5kD
proteins both as free proteins and bound to the K-turn and
K-loop motifs have provided detailed structural insight into
binding to their respective RNAs."” > Comparison of the free
and RNA-bound forms of L7Ae reveals that minor changes in the
overall structure result upon RNA binding, indicating an induced
fit mechanism."*>'® The structural differences required for L7Ae
recognition of both the K-turn and the variant K-loop motifs
versus the eukaryotic 15.5kD protein’s sole recognition of the
K-turn motif are just now beginning to emerge.17

Giardia lamblia is an intestinal parasite infecting humans that
causes severe intestinal disease worldwide.”* G. lamblia is classi-
fied as a primitive eukaryote, even lacking a nucleolus. The
structure of the G. lamblia 15.5kD protein is presented here and
compared with those of both its eukaryotic and archaeal homo-
logues. Interestingly, the Giardia 15.5kD protein exhibits many
structural features intermediate between those of archaeal Metha-
nocaldococcus jannaschii L7Ae and higher eukaryotic mouse
15.5kD proteins. Similarly, biophysical analysis also suggests
characteristics intermediate between those of the archaeal and
higher eukaryotic homologues. Most surprisingly, the eukaryotic
Giardia 15.5kD protein can substitute for the archaeal L7Ae
protein in assembling a chimeric box C/D sRNP complex that
can function in directing the 2'-O-methylation of target RNA
substrates. Collectively, these results reveal that the 15.5kD box
C/D RNP core protein of the primitive eukaryote G. lamblia
exhibits unique structural features intermediate between those of
the archaeal and higher eukaryotic homologues. These structural
features permit its interaction with both archaeal and eukaryotic
core proteins, thus facilitating both RNP assembly and box C/D
RNA-guided nucleotide modification.

B MATERIALS AND METHODS

Protein Expression and Purification. The 15.5kD gene was
PCR-amplified from G. lamblia genomic DNA (ATCC) and
subcloned into a pET28a vector (Novagen). This vector intro-
duces an N-terminal His, tag followed by a thrombin cleavage
site. Recombinant G. lamblia 15.5kD protein was produced in
Rosetta (DE3) cells via initial growth at 37 °C until an ODq, of
0.6 was reached and then induction of expression via addition of
1 mM IPTG and growth at 30 °C for 3—4 h. Cells were harvested
by centrifugation at 4000g and lysed by sonication in 10 mM
HEPES (pH 7.4), 250 mM NaCl, and 10% glycerol (buffer A),
and insoluble debris was removed via centrifugation at 25000g.
Clarified lysate was applied to a nickel affinity column, and bound

Table 1. Crystallographic Data and Refinement Statistics for
G. lamblia 15.5kD Protein

Data Reduction Statistics

space group P21

unit cell dimensions

a, b, c(A) 56.8, 40.6, 59.9

o, B, 7 (deg) 90, 100.9, 90

resolution (A) 50—1.8

no. of reflections

total 361440

unique 23578 (2105)"

completeness (%) 95.5 (86.7)°

redundancy 3.1

Riperge” (%) 149 (33.9)
Refinement Statistics

Ryork (%) 23.57

Riree (%) 25.50

root-mean-square deviation from ideal geometry

bond lengths (A) 0.005

bond angles (deg) 0.789

total no. of reflections 23542

Ramachandran plot analysis (%)

most favored regions 99.59

additional allowed regions 0.41

generously allowed regions 0

disallowed regions 0

B factor (A%)

average 23.694

protein backbone 2122

protein side chains 30.34

solvent molecules 31.675

total no. of atoms 3877

no. of protein atoms 3647

no. of water molecules 221

“ Highest-resolution bin. meerge = X L(hkl) — I(hKD)|/ZZid L
(hkl)|, where I(hkI) is the observed intensity of the ith measurement of
reflection hkl and (I(hkl)) is the mean intensity of reflection hkl.

15.5kD protein eluted according to the manufacturer’s protocol
(Qiagen). Peak fractions were pooled and concentrated. Isolated
15.5kD protein was treated with thrombin to cleave the His tag
and then dialyzed against 20 mM Tris-HCI (pH 8.0), 20 mM
NaCl, 0.5 mM EDTA, and 1 mM DTT. Cleaved protein was
applied to a Resource-Q column (GE Healthcare) equilibrated in
buffer A and eluted in a linear NaCl gradient from 20 mM to 1 M
in buffer A. Concentrated protein was applied to a Superdex 200
gel filtration column (GE Healthcare) equilibrated in 20 mM
HEPES (pH 7.2), 250 mM NaCl, and S mM DTT. Peak fractions
were pooled and concentrated to 900 M, flash-frozen in liquid
nitrogen, and stored at —80 °C.

Recombinant M. jannaschii L7Ae and mouse 15.5kD proteins
were expressed from cloned genes as previously described.'
Mouse 15.5kD protein was prepared using the same protocol
that was used to prepare the Giardia 15.5kD protein. The cloned
M. jannaschii L7Ae and fibrillarin genes possess N-terminal Hisq
tags. The truncated M. jannaschii AC NopS56/58 construct used
in these studies consists of residues 1—367 cloned into the
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pET21a vector between the Ndel and BamHI restriction sites
and lacks the 50 C-terminal residues.”® Fibrillarin and AC
Nop56/58 were cotransformed into Rosetta DE3 cells, initially
grown at 37 °C as described above, and protein expression was
induced by addition of IPTG and continued growth overnight at
15 °C. Cells were harvested by centrifugation at 4000g, resus-
pended in buffer A, and sonicated. The sonicate was heated at
60 °C for 10 min, and after centrifugation at 25000g, protein was
purified by nickel affinity chromatography. The AC Nop56/
58—fibrillarin complex was further purified on a HiPrep 16/10
SP FF (GE Healthcare) column and eluted using a linear salt
gradient. The purified complex was concentrated using Millipore
concentrators, dialyzed against 10 mM HEPES (pH 7.2),
100 mM NaCl, 1 mM DTT, and 10% glycerol, flash-frozen,
and stored at —80 °C.

Crystallization, Data Collection, and Data Processing.
Purified Giardia 15.5kD protein was initially screened for crystal-
lization conditions by the hanging drop vapor diffusion method
using a Qiagen Classics screen (Qiagen). Initial attempts to
crystallize 15.5kD protein at room temperature were unsuccess-
ful, and crystals were obtained only at 4 °C. Diffraction quality
crystals were obtained in 0.2 M ammonium sulfate, 0.1 M sodium
acetate (pH 4.6), and 25% PEG 4000. A single crystal was flash-
frozen in liquid nitrogen. The data set was collected at SER-CAT
beamline 22ID (Advanced Photon Light Source, Argonne, IL).
Data were indexed and scaled using HKL.2000.> Data reduction
statistics and unit cell parameters are listed in Table 1.

Protein Structure Determination and Refinement. The
structure of Giardia 15.5kD protein was determined by molec-
ular replacement using yeast Snul3p as a model.”” The initial
map and model were first obtained using PHASER (ccr4)*®
and manually fitted using COOT* followed by further refine-
ment. Refinement was conducted in CNS*® with 5% of the data
excluded for the Rg. calculation. Initially, simulated annealing
with slow cooling was performed followed by energy minimiza-
tion and B factor refinement, which substantially improved the
model (Ryox = 33.67%, and Rgee = 35.77%). Cross-validated,
sigma-A-weighted composite omit maps or sigma-A-weighted
2F, — F.and F, — F. maps were calculated in CNS and used for
fitting and model building. Density modification, implemented
in CNS, was also used to reduce model bias and improve map
quality. Approximately 30 iterations were performed resulting in
a model with an R, of 26.16% and an R, of 26.57%. TLS
refinement in addition to individual ADP refinement was per-
formed using PHENIX,*" which decreased the Ry and Ryee
values to 23.57 and 25.50%, respectively. Chains A and B were
the two TLS groups during refinement. The final model was
analyzed using PROCHECK?** and MOLPROBITY.* Root-
mean-square deviation (rmsd) calculations were conducted
using LSQMAN.** All figures were constructed using PYMOL.>

Phylogenetic Analysis. Primary sequence alignments of
archaeal L7Ae and eukaryotic 15.5kD proteins were performed
using ClustalW,* with the resultant alignments being imported
into MEGA4.>” The bootstrap consensus tree was constructed
using the neighbor joining method.

Circular Dichroism. Thermal denaturation experiments were
conducted from 4 to 89 °C, monitoring ellipticity in 1 nm steps
during wavelength scans from 190 to 250 nm. The difference
spectrum at the two temperatures was analyzed, and denatura-
tion was monitored at a constant wavelength of 222 nm. A
protein concentration of 20 #M in 20 mM cacodylate (pH 7.2),
1 mM MgCl,, 50 mM NaCl, and 50 mM KCl buffer was used for

both thermal and urea denaturation studies. A temperature ramp
of 1 °C/min was applied with equilibration for 0.5 min at each
temperature, and ellipticity data were collected for 20 s intervals.
The melting temperature and van't Hoff enthalpy of denatura-
tion were determined from a plot of ellipticity at 222 nm versus
temperature (kelvin). The melting curve was fit to a six-variable
equation (assuming a two-state transition) implemented in
ORIGIN 7.0 (Microcal).*® Urea denaturation studies were
conducted via titration of each protein in the same buffer as
described above at different denaturant urea concentrations
ranging from 0 to 5 M for G. lamblia and mouse 15.5kD proteins
and from 0 to 11 M for M. jannaschii L7Ae. Protein samples were
equilibrated at the respective denaturant concentrations for 30
min. Ellipticity at 22 °C was monitored at 224 nm with 10 repeats
for each sample. Respective buffer control samples were sub-
tracted to obtain final values. Plots of the average ellipticity at
224 nm versus urea concentration were constructed, and the free
energy of denaturation (AGp) was obtained by fitting the curves
with a two-state denaturation model using ORIGIN 7.0.

In Vitro RNA Synthesis, Electrophoretic Mobility Shift
Analysis, and in Vitro Methylation of Target RNAs. sR8 and
U15 RNAs were synthesized by in vitro transcription and purified as
previously described."' C/D and C'/D’ half-mers were purified by
denaturing gel electrophoresis. Assembly of RNP complexes was
analyzed by electro;lnhoretic mobility shift analysis (EMSA) as
previously described.'”'® Briefly, RNA was radiolabeled with **P at
the 5’ end and purified before incubation with the various box C/D
RNP core proteins at 30 °C for 30 min. Assembled complexes were
resolved on native, phosphate-buffered 6% polyacrylamide gels and
visualized using a Molecular Dynamics Phospholmager or by
autoradiography. Assessment of RNA—guided 2'-O-methylation
was conducted as previously described." "' Briefly, assembled sSRNP
complexes were incubated at 60 °C and small aliquots removed at
different time intervals. After precipitation of TCA onto filters
followed by washing, incorporation of [*H]CH; into the D and
D’ target RNAs was assessed by scintillation counting.

B RESULTS

G. lamblia 15.5kD Protein Crystal Structure. The box C/D
snoRNP 15.5kD core protein from the primitive eukaryote G.
lamblia was isolated and the crystal structure determined for
structural analysis. The crystal structure of Giardia 15.5kD
protein was determined by molecular replacement using yeast
Snul3p as the model protein.”” Crystals have the symmetry of
space group P21 with two molecules in the asymmetric unit
(chains A and B in Figure 1A). The unit cell parameters and data
reduction statistics are listed in Table 1. These two molecules
were packed making a 45° angle with each other, with 0.1 and a4
forming the interface between the two A and B chains. Helix a1
of chain A is oriented opposite to helix a4 of chain B and vice
versa. The three-dimensional structure of Giardia 15.5kD protein
possesses a typical 0.——a. sandwich fold with alternating o.-
helices and f3-strands (Figure 1B). These strands and helices are
separated by coiled regions or loops. The f3-sheet core region is
sandwiched between the ot-helices. The three o1, 04, and 0.5
helices are oriented perpendicular to the 02, @3, and 3, helices.
The [3-sheets consist of three parallel S-strands (81—/33) and
one antiparallel strand (4). The central S-sheet core region,
with the exception of 31, is composed of hydrophobic amino acid
residues, whereas the t-helices are amphipathic, with the hydro-
phobic residues pointing inward toward the protein core and
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Figure 1. Structure of G. lamblia 15.5kD core protein. (A) Ribbon representation of the arrangement of the two molecules (MolA and MolB) in the
asymmetric unit of the crystal. The ot-helices (green) and [3-strands (red) are shown. (B) Ribbon representation of the G. lamblia 15.5kD protein
structure determined by X-ray crystallography. The ot-helices and [5-strands are indicated along with loop 9 critical for K-turn binding. (C) Sequence
alignment of archaeal L7Ae and eukaryotic 15.5kD protein primary sequences. Alignment of five archaeal L7Ae [M. jannaschii (Mj), Archaeoglobus
fulgidus (Af), Aeropyrum pernix (Ap), Haloarcula marismortui (Hm), and Pyrococcus abyssi (Pa)] and three eukaryotic 15.SkD [Homo sapiens (Hs), Mus
musculus (Ms), and Saccharomyces cerevisiae (Sc)] homologues shaded with respect to sequence conservation. Also shown is the secondary structure of
Giardia 15.5kD protein with the positions of the -helices (green), -strands (red), and loop regions (black lines). The conservation of each residue is
presented on a scale from 0 to 10, where 0 and 10 correspond to 0 and 100% conservation, respectively.

hydrophilic residues directed outward. The 10-residue N-terminus
forms an extensive hydrogen bonding network with nearby water
molecules. In addition, residue D4 makes a salt bridge with R6,
providing additional stability to this region and thus presenting
an ordered N-terminal region in the crystal structure. The
presented structure has most of the residues modeled except
the D10S residue in both chains that has been modeled as a
glycine and the E91 residue in chain A that is modeled as alanine

because of weak densities. The N-terminus of chain A starts from
I3 and chain B from G2 and I3. The loop 10—QS region is
disordered and is marked by high B factor values. The final model
possesses 221 water molecules associated with the 119 residues
of chain A and the 120 residues of chain B. The structure was
refined using CNS*' and PHENIX>? to a final resolution of 1.85
A. The stereochemistry and statistics of the model are listed in

Table 1.
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Table 2. Co. Root-Mean-Square Deviations Calculated with
Chain B of the Giardia 15.5kD Structure

organism protein name PDB entry  Cot rmsd (A)
Pyrococcus abyssii L7Ae 1PXW  1.197 (117 atoms)
Aeropyrum pernix L7Ae 2FC3  1.042 (107 atoms)
Archaeoglobus fulgidus L7Ae IRLG  1.14 (109 atoms)
Methanocaldococcus jannaschii ~ L7Ae 1RA4  0.932 (108 atoms)
Pyrococcus furiosus L7Ae 2HVY  1.061 (112 atoms)
Sulfolobus solfataricus L7Ae 3IDS  1.130 (113 atoms)
Saccharomyces cerevisiae Snul3p 1ZWZ  0.833 (120 atoms)
Homo sapiens 15.5kD 1E7K  0.767 (121 atoms)

B Glardia 15.5

Human 15.5

Mj LT Ae
s L0, - B9

Figure 2. Comparative overlay of 15.5kD and L7Ae homologues with
G. lamblia L7Ae. (A) Ribbon representation of superimposed Cot
backbones of yeast Snul3p (salmon), human 15.5kD (pink), M.
jannaschii L7Ae (cyan), and Giardia 15.SkD (green) homologues.
RNA-binding loop 9 along with the N- and C-termini is indicated. (B)
Side chains of the highly conserved loop 9 residues. The loop 9 Ca
backbone of Giardia 15.5kD protein (green, top) is superimposed with
human 15.5kD (pink), M. jannaschii L7 (cyan), and yeast Snul3p
(salmon) proteins. (C) Superimposition of RNA-bound human
15.5kD protein (pink) with Giardia 15.5kD protein (green). Key
residues involved in K-turn recognition of the human protein are colored
pink and the corresponding Giardia residues green. Differences in the
loop 10—0.S region are shown.

Comparison of the Structure of Giardia 15.5kD Protein
with Those of Eukaryotic and Archaeal Homologues. The
crystal structure of the G. lamblia 15.5kD core protein is very
similar to those of yeast Snul3p, human 15.5kD, and archaeal
L7Ae homologues. Calculated Cot rmsd values revealed that the
Giardia 15.5kD protein is more similar to the eukaryotic human
and yeast homologues than to the archaeal L7Ae proteins
(Table 2), which is expected. However, further inspection did
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Figure 3. Phylogenetic tree of eukaryotic 15.5kD and archaeal L7Ae
protein evolution.

reveal distinct differences between the Giardia protein and the
eukaryotic and archaeal homologues. The N-terminus of Giardia
15.5kD protein is shorter than that of either the human 15.5kD
or yeast Snul3p protein, more closely resembling that of the
archaeal L7Ae proteins (Figures 1C and 2A). Sequence align-
ment revealed that the Giardia 15.5kD amino acid side chains of
the f1—loop 3—02, loop 5S—3 helix, and loop 9 regions
implicated in K-turn binding are well-conserved and most closely
aligned with those of the eukaryotic homologues (Figure 1C).
These include the loop 9 residues (VSRP) that are critical for
eukaryotic 15.5kD protein K-turn binding as well as its lack of
K-loop recognition.'”*® The Giardia 15.5kD amino acids
(VSVP) (Figure 2B) sharply contrast with the corresponding
archaeal loop 9 residues (LEVA). Analysis of human 15.5kD
protein bound to K-turn RNA has indicated that residues K37,
N40, E41, K44, V95, and R97 interact with the RNA. The closely
corresponding residues in Giardia 15.5kD protein are R34, N37,
E38, K41, V92, and V95 (Figure 2C).

A major difference noted between the Giardia 15.5kD struc-
ture and the human and yeast structure lies in the loop 10—aS
region. For Giardia 15.5kD protein, loop 10 is shorter by two
residues and 0§ is one turn longer. The electron density of this
region is weak in the Giardia structure and is marked with high B
factor values indicating greater flexibility. However, high flex-
ibility has been observed in all known eukaryotic 15.5kD and
archaeal L7Ae protein structures, suggesting that this region of
the protein may ultimately be involved in core protein binding
and/or RNA interaction during sSRNP assembly. Notable is the
intermediate length of loop 10 in the Giardia 15.5kD protein
structure when compared with those of M. jannaschii L7Ae and
the yeast and human 15.5kD homologues. M. jannaschii L7Ae'
has a Cot rmsd of 0.93 A (108 atoms) compared with Giardia
15.5kD protein. An overlay of the two structures revealed
differences in loop 2, a1, and the loop 10—/4 region. Loop 2
is shorter and 31 longer for the archaeal L7Ae proteins. The
archaeal proteins also possess a longer 34 with a shorter loop 10
when compared with those of Giardia 15.5kD protein
(Figure 2A). Calculated Cot rmsd values of determined archaeal
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Figure 4. Stability of G. lamblia 15.5kD protein structure. (A) Thermal denaturation of Giardia 15.5kD protein monitored by circular dichroism
spectroscopy. Protein denaturation was monitored at 222 nm to determine the melting temperature of 63 °C. (B) Chemical denaturation of Giardia
15.5kD protein. The 15.5kD protein was treated with increasing concentrations of urea and protein denaturation monitored using circular dichroism
spectroscopy at 224 nm. (C) Comparative melting curves of mouse 15.5kD and M. jannaschii L7Ae proteins monitored by circular dichroism
spectroscopy at 222 nm. (D) Comparative denaturation of mouse 15.5kD and M. jannaschii wild-type L7Ae proteins treated with increasing urea
concentrations and monitored using circular dichroism spectroscopy at 224 nm.

L7Ae structures varied from 0.9 to 1.2 A (Table 2) with the
maximal difference in Cat atoms observed in the P. abyssi L7Ae™
structure, mainly due to an unusually long N-terminal region.
Finally, the sequence relationship of Giardia 15.5kD protein
with its archaeal and eukaryotic homologues was examined by
alignment of L7Ae and 15.5kD proteins with the subsequent
construction of a phylogenetic tree (Figure 3). Giardia 15.5kD
protein is clearly grouped with the eukaryotic 15.5kD homologues.
However, Giardia 15.5kD protein diverges early in evolution from
the eukaryotic 15.5kD proteins soon after divergence of Archaea
and Eukarya. This is consistent with our structural observations
indicating an intermediate position for Giardia 15.5kD protein
between L7Ae and the higher eukaryotic 15.5kD proteins.
Stability of the G. lamblia 15.5kD Core Protein. To further
compare the structural features of Giardia 15.5kD protein with
those of archaeal L7Ae and higher eukaryotic 15.5kDa proteins,

physical studies were undertaken. The stability of the Giardia
15.5kD core protein was investigated by thermal and chemical
denaturation studies using circular dichroism spectroscopy.
Although Giardia typically grows at 37 °C, it can survive under
harsh environmental conditions by forming cysts.** Protein
thermal melts were used to monitor the change in protein
secondary structure with an increase in temperature. A melting
temperature of 63 °C (336 £ 0.55 K) was determined, and the
van't Hoff denaturation enthalpy was calculated to be 78.8 £ 0.95
keal/mol from a best fit analysis of the data (Figure 4A). In
comparison, the mouse 15.5kD protein revealed a lower melting
temperature (52 °C), whereas archaeal L7Ae exhibited a con-
siderably higher Ty, (Figure 4C). Indeed, previous studies from
our laboratories demonstrated for M. jannaschii L7Ae a melting
temIperature exceeding 90 °C and estimated at 107 £ S °C (380.5
K)." The stabilities of these proteins were also assessed by
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Figure S. Giardia 15.5kD protein binds the K-turn but not the K-loop motif. Binding of Giardia 15.5kD protein to the K-turn and K-loop motifs was
assessed via electrophoretic mobility shift analysis (EMSA). Radiolabeled RNA possessing the box C/D (K-turn) and/or C'/D’ (K-loop) motifs was
incubated with Giardia 15.5kD, mouse 15.5kD, or M. jannaschii L7Ae protein, and the assembled RNA—protein complexes were resolved on native
polyacrylamide gels and revealed by autoradiography. The various incubated RNAs and proteins used in individual EMSA reactions are indicated above
the respective gel lanes. The structure and sequence of the respective RNAs are indicated at the right with C/D (K-turn) and C'/D’ (K-loop) boxes
designated: (A) 15.5kD and L7Ae proteins binding to the sR8 half-mer possessing the box C/D motif (K-turn), (B) 15.5kD and L7Ae proteins binding
to the sR8 half-mer possessing the C’'/D’ motif (K-loop), and (C) 15.5kD and L7Ae proteins binding to human U1SA box C/D snoRNA possessing
both box C/D and C'/D’ motifs. Concentrations of the titrated proteins are indicated above the respective gel lanes.

chemical denaturation studies using the chaotropic agent urea.
The denaturation midpoint for Giardia 15.5kD protein was 2.5 M
(Figure 4B) in comparison with 2.3 M (Figure 4D) and 6.9 M for
the mouse and archaeal homologues, respectively. The high
number of short-range ionic interactions is assumed to account
for the high thermal stability of the archaeal L7Ae protein. For
the Giardia 15.5kD protein, a AGp value of 2.46 + 0.89 kcal
mol " and an m value of —1.30 % 0.39 kcal mol ' M~ were
calculated from the denaturation curve. These values are also
lower in comparison to those for urea denaturation of the

archaeal M. jannaschii L7Ae protein (AGp of 8.72.5 kcal mol
and m value of 1.3 £ 0.39 kcal mol ™' M "). For each of the
biophysical analyses, the Giardia 15.5kD protein occupied an
intermediate position between the eukaryotic mouse and the
archaeal homologues.

The Giardia 15.5kD Protein Exhibits RNA Binding Cap-
abilities Characteristic of Its Eukaryotic Homologues. Bind-
ing of Giardia and mouse 15.5kD and M. jannaschii L7Ae
proteins to the K-turn and K-loop motifs was assessed via EMSA.
Previous work has demonstrated that the archaeal L7Ae core
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Figure 6. In vitro-assembled chimeric Giardia—archaeal box C/D RNPs possess methyltransferase activity. (A) Electrophoretic mobility shift analysis
of chimeric box C/D RNPs assembled with eukaryotic and archaeal core proteins. Radiolabeled sR8 sRNA possessing box C/D and C'/D’ motifs was
incubated with combinations of M. jannaschii, mouse, and Giardia core proteins, and the assembled RNPs were resolved on native polyacrylamide gels
and revealed by autoradiography. The various combinations of sR8 with box C/D RNP core proteins are indicated above the respective gel lanes. (B)
Sequence and folded structure of M. jannaschii sSR8 box C/D sRNA possessing the terminal box C/D and internal C'/D’ motifs. Boxes C, C’, D, and D’
are indicated along with the D and D’ guide sequences used to direct sSRNA-guided nucleotide modification. (C) In vitro methyltransferase activity of the
assembled chimeric box C/D RNPs. Assembled RNPs were incubated with [*H] -S-adenosylmethionine, and methyltransferase activity was determined

by incorporation of [*H]CHj into D and D’ target RNAs.

protein binds both the K-turn (box C/D) and K-loop (C'/D’)
motifs in vitro whereas eukaryotic 15.5kD protein recognizes
only the K-turn motif ' "'®'® Therefore, all three core protein
homologues were examined for binding to the M. jannaschii sR8
box C/D and C'/D’ half-mer RNAs. M. jannashii L7Ae and
mouse 15.5kD protein bound the box C/D K-turn motif
strongly, with the Giardia 15.5kD protein binding less strongly
(Figure SA). Notably and as expected, the archaeal L7Ae protein
was the only homologue able to recognize and stably bind the
sR8 C'/D’ RNA half-mer (K-loop motif) (Figure SB). The
strength of binding of the Giardia 15.5kD protein to human
U15A snoRNA was further assessed in titration experiments
(Figure SC). M. jannaschii L7Ae bound to both U1SA K-turn and
K-loop motifs as evidenced by the sequential formation of two
RNP complexes. Titration of Giardia 15.5kD protein over similar

2914

protein concentrations again demonstrated a reduced binding
affinity with the gradual formation of an RNP complex of
increasing size with increasing protein concentrations. This
binding curve is symptomatic of a more weakly binding protein
recognizing an RNA motif under the nonequilibrium binding
conditions experienced with EMSA. Comparison of the Giardia
and mouse 15.5kD proteins at equal concentrations of 100 uM
revealed the stronger recognition of the mouse versus the Giardia
protein. Thus, the binding characteristics of the Giardia 15.5kD
core protein were most typical, albeit at a reduced strength, with
respect to eukaryotic 15.5kD homologues.

RNP Assembly and Methyltransferase Activity of a Chi-
meric Eukaryotic—Archaeal Box C/D RNP. Both structural
analysis and biophysical examinations suggested that the Giardia
15.5kD core protein occupies an intermediate position between
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the higher eukaryotic and archaeal homologues. Therefore, the
catalytic or functional activity of this primordial eukaryote’s core
protein was subsequently assessed using the archaeal sRNP in
vitro assembly system, which reconstitutes a methyltransferase-
competent ribonucleoprotein complex using recombinant core
proteins and in vitro transcribed box C/D sRNA."""? Using this
assembly system, recombinant Giardia, mouse, or M. jannaschii
15.5kD and L7Ae core proteins were assembled with archaeal
sR8 box C/D sRNA and the M. jannaschii Nop56/58 and
fibrillarin core proteins.

EMSA again revealed that Giardia 15.5kD protein binds
archaeal sR8 sRNA weakly (Figure 6A), recognizing the well-
conserved K-turn of the terminal box C/D motif but not the
K-loop (Figure 6B). Unexpectedly, however, the archaeal
Nop56/58—fibrillarin complex was able also to bind the Giardia
L7Ae—sR8 sRNA complex assembling a complete sSRNP, with a
migration similar to that of the sRNP assembled with all M.
jannaschii core proteins. In contrast, a larger SRNP was not
formed when the archaeal NopS56/58—fibrillarin complex was
incubated with the mouse 15.5kD protein—sR8 sRNA complex.
(The strong bands in those lanes where the RNP mixture
includes Nop56/58 and fibrillarin result from aggregation in
the sample wells of the gel.) A faint higher-molecular mass band
was observed in the gel shift assay (Figure 6A, far right lane). We
suspect this is likely the Nop56/58—fibrillarin dimer binding sR8
nonspecifically without associated mouse 15.5kD protein. These
observations indicated that the Giardia 15.5kD protein has
retained sufficient structural homology with the archaeal L7Ae
protein to retain its ability to interact with the NopS56/
58—fibrillarin complex and assemble a complete SRNP complex
possessing three core proteins on both the terminal box C/D and
internal C’/D’ motifs.

Subsequent analysis examined the methyltransferase activity
of the sR8 sRNPs assembled with either the archaeal L7Ae or
Giardia 15.5kD core protein homologues. Surprisingly, the
sRNP assembly using the Giardia core protein efficiently guided
nucleotide modification from both the box C/D and C'/D’
RNPs (Figure 6C). As expected because of incomplete SRNP
assembly, attempts to methylate the D and D’ target RNAs with
an sSRNP complex using the mouse 15.5kD core protein revealed
no methyltransferase activity guided by either the box C/D or
C'/D’ RNPs. Thus, not only was the eukaryotic Giardia 15.5kD
protein allowing “archaeal” box C/D sRNP assembly, it also
facilitated the methyltransferase activity of this chimeric complex.

B DISCUSSION

The 15.5kD and L7Ae proteins play critical roles in box C/D
RNP structure and function by binding the K-turn motifs to
initiate assembly of the eukaryotic and archaeal box C/D RNP
nucleotide modification complexes. The crystal structure of the
15.5kD protein from the primitive eukaryote G. lamblia has now
been determined to 1.8 A resolution revealing an a—(—a
sandwich fold structure. Comparative structural and phyloge-
netic analysis has suggested an intermediate structural position
with respect to its higher eukaryotic and archaeal homologues.
Biophysical examination determining the denaturation proper-
ties of the folded structure of Giardia 15.5kD protein was
consistent with such an intermediary structure. As expected for
a eukaryotic homologue, Giardia 15.5kD protein binds the
K-turn but not the K-loop motif of the box C/D RNAs.
Unexpectedly, however, it can assemble a chimeric box C/D

RNP with archaeal core proteins that is catalytically active and 2’-
O-methylates target RNAs. Thus, Giardia 15.5kD protein pos-
sesses structural features that allow protein—protein interactions
with both the archaeal and eukaryotic box C/D RNP core
proteins to facilitate methyltransferase activity.

Examination of the crystal structure of Giardia 15.5kD protein
revealed an a—f3—a sandwich fold, typical of several eukaryotic
15.5kD and archaeal L7Ae homologues previously examined by
crystallographic analysis. The 15.5kD and L7Ae homologues are
members of the L7/L30 protein family whose shared character-
istic is the ability to bind the K-turn motif. The archaeal L7Ae
homologues are unique in that they are also able to recognize the
K-loop motif. In addition to the 15.SkD and L7Ae proteins, this
family includes archaeal rpL30e and eukaryotic rpL30, rpL7a,
Nhp2p, SBP2, and Rpp38p proteins. For these proteins, only the
crystal structure of eukaryotic rpL30 has been determined, and it
also exhibits an expected o.—3—a sandwich fold.** Modeling
and structure predictions of the other family members have
indeed indicated that they also share this same structural motif in
their respective RNA binding domains.**~** Comparative anal-
ysis revealed that the Giardia 15.SkD protein’s Co. backbone
rmsd is closer to those of the yeast and mouse eukaryotic
homologues (Table 2). However, the shorter loop regions and
long N-terminal regions are characteristic of the archaeal homo-
logues. Thus, Giardia 15.5kD protein exhibits structural features
found in both higher eukaryotic and archaeal homologues.

The Giardia 15.5kD protein shares with the higher eukaryotic
homologues those amino acids important for RNA binding.
These human 15.5kD protein residues K37, N40, E41, K44,
V9S, and R97 are Giardia 15.5kD protein amino acids R34, N37,
E38, K41, V92, and V95, respectively.* Of particular importance
are the loop 9 amino acids that directly interact with the K-turn
motif. Notably, these highly conserved amino acids are distinct
for the eukaryotic and archaeal domains.'” The eukaryotic loop 9
signature amino acids (VSRP) are replaced by a LEVA motif in
the archaeal proteins. The Giardia 15.5kD protein loop 9 amino
acids are characteristic of the eukaryotic homologues with a
VSVP motif, although the third amino acid (V) is that seen in
L7Ae proteins. It is these archaeal amino acids (LEVA) that allow
L7Ae to bind the K-loop motif comprised of internal C'/D’
boxes. Notably, replacement of archaeal amino acids LEVA with
eukaryotic residues VSRP results in the inability of L7Ae to
recognize the K-loop.'” Individual mutagenesis of all four
signature amino acids has also shown that the two internal are
most important for K-turn and K-loop recognition. For Giardia
15.5kD protein, one of these internal residues is archaeal in
character (V for R). Previous mutagenesis has indeed revealed
that mutating the eukaryotic loop 9 signature amino acids
(VSRP) to a VSVP motif significantly weakens binding to the
K-turn.'” Thus, the observed weak binding of Giardia 15.5kD
protein to the K-turn is a consequence of its loop 9 signature
amino acid sequence (VSVP).

Superimposition of the Giardia 15.5kD protein over that of Ar.
fulgidus L7Ae bound to a K-turn RNA shows that the 15.5kD
protein loop 9 serine and valine residues are considerably shorter
in comparison with the glutamate residue of L7Ae (Figure 7). In
addition, the long loop 9 arginine side chain of human 15.5kD
protein that makes significant interaction with the RNA
molecule® is absent in Giardia 15.5kD protein. The presence of
an uncharged amino acid at this position could also be expected
to contribute to the low binding affinity as the arginine of human

15.5kD protein forms a salt bridge with the phosphate backbone
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“ K-loop RNA

Figure 7. Superimposed structures of G. lamblia 15.5kD protein with
Ar. fulgidus and P. furiosus L7Ae bound to K-turn and K-loop motifs,
respectively. Giardia 15.5kD protein (green) is superimposed on Ar.
fulgidus (PDB entry 1IRLG) L7Ae (gray) bound to abox C/D K-turn (A)
and P. furiosus (wheat) L7Ae (PDB entry 2HVY) bound to a C'/D’
K-loop (B). Loop 9 (N91, V92, S93, V94, and P9S) and loop S (DS8)
residues critical for RNA binding are shown on Giardia 15.5kD protein
as sticks.

of the K-turn motif. Interestingly, all other residues outside of
loop 9 participating in human 15.5kD protein—RNA interaction
are well-conserved in Giardia 15.5kD protein.

Phylogenetic analysis of eukaryotic and archaeal 15.5kD and
L7Ae proteins revealed that Giardia 15.5kD protein branches
early in eukaryotic 15.5kD protein evolution. Its intermediate
stability in both thermal and urea denaturation analysis when
compared with those of M. jannaschii L7Ae and mouse 15.5kD
protein is consistent with its early branching in 15.5kD protein
evolution. The Giardia 15.5kD protein T, of 63 °C is approxi-
mately 35—40 °C lower than that of M. jannaschii and A. pernix
L7Ae (B. A. Brown, unpublished results) but significantly higher
that the mouse 15.5kD protein T, of 52 °C. The archaeal L7Ae
proteins are typically characterized by shorter loop regions and
extensive ionic interactions within their structure. Comparison of
Giardia 15.5kD protein with human 15.5kD protein reveals
shorter loop regions and an increased number of ion pair
interactions, although certainly with fewer ion pairs than the
M. jannaschii L7Ae homologue. The total number of charged
residues (DEHRK) in the Giardia protein is 29, which is higher
than the number in the human form (28) but much lower than
the number in archaeal homologues of M. jannaschii (38) and A.
pernix (44). In Giardia 15.SkD protein, a total of 15 ion pair

contacts were located in chain A within the cutoff distance of 6 A,
of which four were between chains A and B (Figure 1A). The ion
pair networks between chains A and B in the asymmetric unit
were within 2.5—4.5 A of each other. In comparison, 17 ion pair
networks were identified in M. jannaschii and only five in the
human 15.5kD homologue.

Despite the weak in vitro binding of Giardia 15.5kD protein to
the K-turn motif, this core protein is able to initiate the assembly
of a chimeric eukaryotic—archaeal box C/D RNP. A similar
substitution of archaeal L7Ae by mouse 15.5kD protein does not
assemble a box C/D complex despite its ability to bind the K-turn
motif. Quite strikingly and certainly unexpectedly, the assembled
chimeric complex is catalytically active and able to guide nucleo-
tide methylation of target RNAs utilizing both the box C/D and
C’/D’ RNP subcomplexes. Models for an “asymmetric” eukar-
yotic box C/D snoRNP structure have been built upon the
observations that the 15.5kD core protein in vitro binds exclu-
sively the K-turn motif and that the 15.5kD protein forms cross-
links to the K-turn but not the K-loop.** Thus, this core protein
was expected to be found only in the terminal box C/D RNP and
not the internal C'/D’ complex. However, recent results probing
archaeal box C/D sRNP structure have shown that mutation of
L7Ae to disrupt K-loop binding nevertheless results in incor-
poration of L7Ae into the C'/D’ RNP."” This observation reveals
the importance of core protein—protein interactions for box C/D
RNP assembly, particularly the C'/D’ RNP. More recently, our
work has also revealed that yeast Snul3p (15.5kD) is found in the
C'/D’ RNP even though this core protein cannot bind the
K-loop motif.** Collectively, these results reveal the importance
of core protein—protein interactions for box C/D RNP assem-
bly, particularly the C'/D’ RNP, and demonstrate that both the
archaeal and eukaryotic box C/D RNPs are “symmetric” with
respect to the distribution of L7Ae and 15.5kD proteins in both
the terminal box C/D and internal C’'/D’ RNP subcomplexes.
Therefore, we expect the Giardia 15.5kD core protein is present
in both the box C/D and C'/D’ RNPs of the chimeric complex,
thus allowing each fully assembled subcomplex to guide 2'-O-
methylation of their target nucleotides.

It is becoming increasingly evident that core protein—protein
interactions play critical roles in box C/D RNP assembly and
methyltransferase function.'>** Assembly of the archaeal box C/
D sRNP has shown that core protein binding is sequential with
L7Ae binding first followed by Nop56/58 and then fibrillarin.
Binding of the L7Ae or 15.5kD protein first stabilizes the K-turn
and K-loop motifs.'® The L7Ae and 15.5kD proteins bound to
the K-turn and K-loop then establish an RNP platform upon
which the remaining core proteins bind utilizing not only
RNA—protein interactions but also and importantly protein—
protein interactions. The bound L7Ae or 15.5kD homologue
presents a protein interface for interactions with the Nop and
fibrillarin core proteins. Subsequent binding of Nop56/58
promotes RNA remodeling, which indicates direct interaction
with the box C/D sRNA. This is consistent with the in vivo cross-
linking of eukaryotic NopS6 and Nop38 to the box C/D
snoRNAs.** Final assembly of the archaeal complex is accom-
plished via the addition of fibrillarin, which appears to occur
primarily via protein—protein interactions with Nop56/58.''¢
This is consistent with the very strong interaction of Nop56/58
with fibrillarin,"" even suggesting that these two proteins may
bind as a dimer during SRNP assembly. Clearly, key features of
the L7Ae interface required for Nop56/58 and fibrillarin binding
have been sufficiently conserved in the Giardia 15.5kD protein
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such that the Nop56/58 and fibrillarin core proteins may bind to
complete SRNP assembly. Notably, this conservation is also
sufficient to allow the chimeric complex to guide nucleotide
modification. Thus, the ability to assemble box C/D RNPs and
guide site-specific nucleotide modification by interacting with
both archaeal and eukaryotic core proteins suggests that the
Giardia 15.5kD protein occupies a unique position in the
evolution of this ancient RNA-binding protein.
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