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ABSTRACT. The most frequent modification of RNA, the conversion of uridine bases to pseudouridines,
is found in all living organisms and often in highly conserved locations in ribosomal and transfer RNA.
RIuC and RIuD are homologous enzymes which each convert three specific uridine bEsehlenichia

coli ribosomal 23S RNA to pseudouridine: bases 955, 2504, and 2580 in the case of RIuC and 1911,
1915, and 1917 in the case of RluD. Both have an N-terminal S4 RNA binding domain. While the loss
of RIuC has little phenotypic effect, loss of RIuD results in a much reduced growth rate. We have determined
the crystal structures of the catalytic domain of RIUC, and full-length RluD. The S4 domain of RluD
appears to be highly flexible or unfolded and is completely invisible in the electron density map. Despite
the conserved topology shared by the two proteins, the surface shape and charge distribution are very
different. The models suggest significant differences in substrate binding by different pseudouridine
synthases.

The isomerization of uridine to pseudouriding)(within similar, and different from the TruA family. All pseudo-
RNA is a ubiquitous process evidently present from very uridine synthases appear to share a common catalytic domain
early in the evolution of life I—3). The mechanism of the  however, suggesting they are all descended from a single
reaction of pseudouridine synthase | has been the subject ofancestor §). There are 10 knowt¥’s in E. coli 23S rRNA
detailed chemical analysis strongly favoring Michael addition within the large ribosomal subunit, and 10 enzymes respon-
(4), but the issue of whether the catalytic aspartate attackssible for introducing themi@). RluD creates thre&’s, all
the ribose or the uridine is not yet finally settles).(The within the same stemloop motif of E. coli 23S rRNA (7,
net result of either proposed mechanism is the detachmentl9, 20), implying that once the protein has recognized the
of the base from the ribose and reattachment through a carborlocal RNA structure, it modifies all uridines within reach.
atom (C5), freeing a nitrogen atom (N1) in the base to RIuC also modifies three uridines in the same RNA, but these
participate in hydrogen bonding. This may explain wWHy are much more widely spread along the sequeg@dg (

is only found in structured RNA such as rRNA or tRNA, Two of theWs created by RIUDW1915 and¥1917, are
and not in mMRNA or viral genomeﬁ)(. Only sp_ecmc bases very highly conserved2Q), althoughW1915 is also N3
are converted td¥, and in each case, a single enzyme methylated inE. coli. Since the sites of RIuD activity are
appears to be responsible. Each pseudouridine synthasey|ose to bridges between the 50S and 30S subunits of the
however, may act at more than one site within its target RNA j,550me, the loop of helix 69 contacting the decoding site
molecule(s). Currer_1tly, only one eubacterial pseudouridine 5t 165 rRNA ©3), itis highly plausible that thi&s generated
synthase (RIUA) which acts on more than one substrate RNApy RiuD are important for ribosome function or fidelity. It
is known (7). Until recently, four families of pseudouridine 1155 peen shown, however, that RIuD missing the essential
synthases were known, named after the TruA, TruB, RSUA, catalytic aspartate residue can rescue Rlubutants 19).
and RIUA genes qucher_lchla coli(8, 9). All four families The protein seems to act as an RNA chaperone which is
share a short motif (*motif II”), but only the last three share jmnortant for ribosome assembly. RIUC apparently has no
motif I. A novel fifth family whose sequence is only slightly  g,chy function and can be deleted without significantly
similar to any of these has now also been descrild€l ( impairing growth 21). The sequences of both RIuC and
The crystal structures of TruA, TruB, and RsuA have all Ri,p are significantly similar to that of RsuA, which acts
been described previouslgX—13). Shortly before submis- oy 3 single base in the rRNA of the small ribosome subunit.
sion of this paper, the crystallization of RIuD was reported rgyA includes an N-terminal S4 RNA binding domain, first
(14), and two independent structures have now been pub-t,ng in ribosomal protein S424). RIuC and RIuD both
lished (L5, 16); however, there is so far no published structure ve an equivalent domain, but RIuA does not. An alignment
for RIuC. These are the first structures of members of the ¢ ihe catalytic domains of RIuC and RIUD with RSUA is
RIuA family. Within the Pfam databas&?), the RsuAand  ghown in Figure 1. While sequence alignments provide
TruB families are grouped together since they are structurally tempting glimpses of evolutionary relationships and cellular
T o functions, it is often found that protein function and structure
o.whom correspondence should be addressed. E-mail: jtame@ hb d while th h h H lobi
tsurumi.yokohama-cu.ac.jp. Telephoné:81 (0)45 508 7228. Fax: ~ May each be conserved while the other changes. Hemoglobin
+81(0)45 508 7366. perhaps provides some of the best exam@&s Mutations
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Ficure 1. Sequence alignment of the catalytlc domains of RIuC and RIuD Rittoli RsuA. The secondary structure elements of RIuC

and RluD are shown in blue and green, respectively. Residues conserved in all three proteins are shown with white letters on a red background.
The sequence immediately following helix 1 in RluD has a slightly helical nature and is considéeital by some secondary structure
assignment programs.

of well-conserved lysine and proline residues within motif | Heparin HP column (Amersham Biosciences) equilibrated
of RIUA and TruB were expected to reduce enzyme activity with 50 mM Tris (pH 8.1) and eluted with a linear salt
substantially, but in fact had little effec2). We have gradient upa 1 M sodium chloride. Finally, the protein was
purified and crystallized truncated RIuC (missing the S4 purified by gel filtration in the same buffer containing 1 M
domain) and full-length RIuD. In this paper, the refined X-ray salt, before being dialyzed into fresh buffer containing 300
structures are compared with other RNA binding proteins mM salt. RIuD was purified by anion exchange using a

and pseudouridine synthases. HiLoad Q (Amersham Biosciences) column washed with 50
mM potassium phosphate (pH 7.0) and a salt gradient up to
EXPERIMENTAL PROCEDURES 1 M sodium chloride, followed by an SP column run with

RIUC was cloned by PCR fror. coli genomic DNA the same buffer and salt gradient. The protein was then

using the TTTGCGTCATATGGCGGACGTCATCATG- applied to a hydroxyapatite column equilibrated with 25 mM

TATGAAGATGATCA and TTTGCGCTCGAGTTAGC- potassium phosphate (pH 7.0) and 100 mM sodium chloride,
GCGCGTTACGCATCTTTTGCAAACAACG oligonucleo- and eluted with 3% ammonium sulfate in the same buffer.
tides, allowing the product to be inserted in frame into the ' 1€ Purified protein was dialyzed against 25 mM potassium

pET21b expression vector usitdfdd and Xhad restriction phosphate (pH 7.0) and 100 mM sodium chloride. The
sites. These primers generate two L-euMet mutations at selenomethionine-substituted protein was produced by stan-
positions 96 and 315, increasing the number of methionine d&rd protocols 7).

residues in the expressed fragment to five. RluD was Crystals of both RIuC(92319) and RluD were grown at
similarly cloned using TTTGCGTCCATGGCACAACGAG- 20 °C using the hanging drop method. RIUC{9219) was
TACAGCTCACTGC and TTTGCTAAGCTTTTATAAC- crystallized using a 10 mg/mL protein stock solution in 50
CAGTCCACTTCATCCTTAT. The PCR product was cloned mM Tris-HCI (pH 8.1) and 300 mM NaCl. The reservoir
into pET28b usingNcd and Hindlll restriction sites. The  solution consisted of 1:41.6 M ammonium sulfate, 0.1 M
protein product in each case has no affinity tag. The NaCl, and 0.1 M HEPES (pH 7.5). Crystals grew over the

expression vectors were transformed iteoli strain BL21- course of 3 days. RIuD was crystallized from a 40 mg/mL
(DEB) for protein expression. The cells were grown in Luria- stock solution containing 25 mM potassium phosphate (pH
Bertani broth at 37C. 7.0) and 100 mM sodium chloride. The reservoir solution

Protein expression was induced by the addition of 1 MM was 35% ethylene glycol, 5% PEG 3000, and 100 mM
IPTG to the cells. In the case of RIuD, the culture medium HEPES (pH 7.5). In the case of the selenomethionine-
was first cooled to 25C and growth continued fdb h after substituted protein, a reservoir solution of 46% ethylene
induction. RIuC(92-319) was purified using a HiTrap glycol, 6% PEG 3000, and 100 mM HEPES (pH 8.0) was
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Table 1: Data Collection and Model Refinement Statistics

RluC RluD
space group, unit cell dimensions (A) P3,21,a=b=96.73 anct = 86.88 P6522,a =b = 74.51 anct = 265.01
wavelength (A) peak inflection remote peak inflection remote
resolution range (A) 20:62.5 20.0-2.5 20.0-2.5 20.0-2.5 20.6-2.5 20.6-2.5
no. of reflections (measured/unique) 227046/16604 230334/16612 228470/16642 175559/15795 174219/15802 174376/15809
completeness (%) (overall/outer sh&ll) 100.0/100.0 100.0/100.0 99.9/99.9 99.4/99.6 99.3/99.7 99.3/99.7
Rinerge(%) (overall/outer shelt) 6.2/10.9 5.3/11.9 4.8/12.3 7.9/10.6 6.1/8.0 5.8/7.8
redundancy (overall) 13.7 13.9 13.7 111 11.0 11.0
meand/o(l)(overall) 22.5 16.0 15.5 15.0 16.5 15.9
phasing (20.6-2.5 A), mean FOM 0.51 0.57
after RESOLVE phasing
Refinement Statistics
RluC RIuD

refinement resolution (A) 20-02.0 29.5-1.70

no. of reflections (measured/unique) 430252/35502 758261/47799

completeness (%) (overall/outer sh&ll) 98.0/83.5 98.7/91.0

Rierge (%) (overall/outer sheltf 7.2/29.6 5.8/24.1

redundancy (overall) 121 15.9

meanl/o(l)[(overall) 14.0 18.1

o cutoff/no. of reflections used 0.0/35502 0.0/47799

R-factor/Ryee (%0)° 20.9/27.6 20.0/22.4

rmsd for bond lengths (A)/bond angles (deg) 0.022/2.1 0.013/1.45

no. of water atoms 171 264

averageB-factor (A2) (protein/water) 37/36 24/33

Ramachandran plot

residues in most favorable regions (%) 90.7 90.1
residues in additional allowed regions (%) 9.3 9.9

aCompleteness anBnegeare given for overall data and for the highest-resolution shell. The highest-resolution shells for the RIuC, RluD, and
MAD data sets are 2.0672.0, 1.76-1.70, and 2.592.50 A, respectively® The figure of merit (FOM)= |Fpes{ — |F|.  Ruerge= 3 |li — DV |1,
wherel; is the intensity of an observatiofJis the mean value for that reflection, and the summations are over all equivalBfsctor =
SnllFo(h)| — [Fc(h)]I/> hFo(h), whereF, andF. are the observed and calculated structure factor amplitudes, respeciRglywas calculated with
5% of the data excluded from the refinement.

used. Crystals grew over the course of 2 days to roughly chain atoms have an rms deviation of 0.69 A. Apart from
500 um in length. the C-terminal residues of the model, the largest difference
High-resolution native diffraction data and moderate- between these two copies of RIuC is found at Pro215. This
resolution (2.5 A) multiwavelength data were obtained from is in a surface region close to crystal contacts in one
cryocooled (100 K) crystals using synchrotron radiation at molecule, and apparently rather flexible in the other which
the Photon Factory beamline NW12 station (Tsukuba, Japan).has weak electron density over residues Vai288r216.
Intensity data were collected with an ADSC detector.
Diffraction data were integrated and scaled with HKL2000 RESULTS
and SCALEPACK 28). The positions of selenium atoms Expression systems for large-scale production of RIuC and
and initial phases were determined using SOLYB) (and RluD were produced by PCR. In a previous report about
density modification was carried out with RESOLVE(J]. the crystallization of RIuC, it was found that the N-terminal
Molecular replacement (to determine RIuD from the RIuC domain was missing, and the crystallized protein was
model) was carried out with MOLRERY). For both RIuC proteolytically truncated by 88 residue39). We therefore
and RIuD, the experimental phases produced very clearchose to express only the C-terminal catalytic domain of this
electron density maps; in both cases, the selenomethionine319-residue protein, from residue 92, and the crystals of
substituted protein gave isomorphous crystals to the nativetruncated RIuC that were obtained were essentially identical
protein. General data manipulation was performed using theto those described in 19999). Full-length RIuD (326 amino
CCP4 suite of programs3®). Models were built using  acid residues) was purified in the hope of observing the
TURBO (33) and XTALVIEW (34). Structural refinement  N-terminal domain. Analytical ultracentrifugation sedimenta-
against the native data was performed using ARPWASSP, ( tion velocity experiments showed both RIuC{9219) and
X-PLOR version 3.85136), and REFMACS5 87). A B-factor RluD are monomeric in solution (data not shown). X-ray
cutoff of 50.0 was applied to water molecules, and any phases for RIuC were determined by the method of multiple-
refining to higher values were removed from the models. wavelength anomalous dispersion (MAD) using the sele-
Structural analysis of the final models of RIuC(9219) and nomethionine-substituted protein. The introduction of two
RluD using PROCHECK38) indicated that~90% of the Leu— Met mutations, when the gene was cloned, facilitated
residues are in the most favorable regions of the Ramachanthis step so that after density modification the RIuC structure
dran plot, with no residues in “disallowed” regions. A could be refined very rapidly. This model was used to
summary of the data collection and refinement statistics is determine the RluD structure by molecular replacement.
given in Table 1. In the case of RIUC, there are two molecules Upon examination of the RIuD electron density maps, it was
in the asymmetric unit, but no noncrystallographic symmetry evident that the N-terminal domain did not appear. The
restraints were applied during the refinement. The 908 main molecular mass of the crystallized protein was checked by
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FiGURE 2: Stereo ribbon diagrams of (a) RIuC(9219) and (b) RIuD. Both proteins form ordered C-termini, the fiftatrand andx-helix
adopting similar conformations in each case. This figure was made with MOLSCRBBT (

gel electrophoresis and found to be the same as that of thenative model shows this has caused no major structural
purified protein (37.1 kDa), indicating no proteolysis had changes. Superimposing the models with a least-squares
occurred (data not shown). Independent experimental phaseditting shows that they diverge considerably at the last five
were therefore determined for RluD using the SeMet MAD residues of the C-terminus. In our model, the terminal
method. This map confirms that no electron density corre- carboxyl group of Leu326 interacts with Argl6@rime
sponding to the N-terminal domain can be seen, despite theindicating a neighboring molecule), and Trp325 is sand-
high quality and resolution of the data (Table 1). The final wiched between the side chains of Arglahd Argl37,
models include all residues of RIuC from Asp93 to Arg319, suggesting that the two C-terminal residues may be mimick-
refined to 2.0 A resolution, and residues of RIuD from Phe77 ing the RNA substrate of the symmetry-related neighbor. The
to Leu326, refined to 1.7 A resolution. These models have C-terminus of 1QYU is much closer to the helical structure
been deposited in the Protein Data Bank as entries 1V9K found in our model, but in all three models, the protruding
(RIuC) and 1V9F (RIuD). C-terminus is involved in crystal contacts, and is presumably
On revising this paper, we had the opportunity to compare flexible in the unbound protein in solution. In a comparison
our RluD structure with those refined by two other groups of the main chain atoms of residues 7320, the rms
to 1.8 A (space group2:2:2;) and 2.0 A resolution (space  deviations of our model from 1PRZ and 1QYU are 0.833
group P432,2) [PDB entries 1PRZ15) and 1QYU (6)], and 0.713 A, respectively. Within this region, the largest
respectively. In all three cases, the asymmetric unit containsdifference from 1PRZ is at a short surface coil region around
one monomer, and only the C-terminal domain is present in Gly254—Pro259, just after motif 1ll. Our electron density
the model. Both 1PRZ and 1QYU have selenomethionine maps are very clear in this region, showing our model agrees
residues in place of methionine, but comparison with our with 1QYU. 1PRZ has a crystal contact at this position. The
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largest difference from 1QYU is at the carbonyl oxygen atom
of Ala108, which is possibly due to a pep-flip error in that
model (the residue is in a mobile loop). Our data set has
rather more reflections (45 392 working and 2406 free)
versus 27 504 working reflections for 1PRZ and 32 009 for
1QYU, largely due to the different sizes of the asymmetric
unit in each case.

The models for RIuC(92319) and RIuD exhibit highly
similar topology (Figure 2). Searching the Protein Data Bank
for structures related to RIuC(9319) using DALI @0) gave
significant but not especially strong matches to three entries,
1KSK (RsuA,Z score= 12.4), 1K8W (TruB,Z score= (b)
9.9), and 1DJO (TruAZ score= 8.5), all of which are
representative pseudouridine synthases of families defined
on the basis of sequence. In each case, the match included A=
roughly 150 residues with an overall rms deviation of-2.7
3.5 A. The fit to RsuA is best, with 23% of the sequence
being identical over the 147 residues which were aligned.
RluD gave similar results but also found a weak match to
formiminotransferase cyclodeaminase (PDB entry 1QD1).
Since theZ score for this last match was only 2.7, and the
97 Ca atoms compared gave an rms deviation of 7.2 A, itis Fiure 3: Molecular surfaces of (a) RIUC(9819) and (b) RIUD
clearly not significant. RIuC and RIluD match each other colored according to electrostatic potential. Blue indicates positive
rather better, with & score of 27.3 over 220 residues with charge and red negative. Maximum color saturation corresponds

33% of the sequence being identical. In a comparison of to an electron energy of 10 kcal/mol. On the left-hand side, the
. : highly positively charged region around the active site can be seen.
RIuC and RIuD with RsuA, the overall topology is very A number of positively charged residues clustered around the active

similar, but with significant differences at the N- and site are indicated. The opposite face is also positively charged in
C-termini of the RIuC and RIuD models (Figure 2). From the case of RIUC, but strongly negatively charged in the case of

Gly206 onward, RsuA has a fold quite different from that RIuD. This figure was made using GRASE4].
of RIuC or RIuD, and the last strand gfsheet 1 has the
opposite orientation. RsUA is also a much shorter protein, terminal domains of RIuC and RIuD allows highly specific
with 231 amino acid residues. RIUC has an exitaelix binding to the correct molecular targets without producing
inserted between residues Ala256 and Leu280, and an extra/ery high affinity. In this way, the enzymes can modify the
S-hairpin between Ala193 and Gly213. RIuD has loops in appropriate sites within the rRNA efficiently and avoid
these regions, and a longer C-terminal tail (much longer thanbecoming trapped in unproductive enzyfproduct com-
that of RsuA). These surface differences are close to theplexes.
active site and almost certainly related to substrate recogni- The very different electrostatic properties of the N-terminal
tion. The RsuA model (PDB entry 1KSK) includes the domains of RIuC and RIuD are mirrored by the different
N-terminal S4 domain which is invisible in our RluD surface potentials for the two catalytic domains (Figure 3).
structure, but it appears the S4 domain of RIuC and RIuD While the active site of each protein has an overall positive
adopts a different position relative to the catalytic domain charge (shown on the left side of Figure 3), the opposite
since the N-terminal regions do not follow that of RsuA.  faces of the molecular surfaces are quite different in the two
The reason for the absence of any electron density for thecases (right side of Figure 3). The sequences of RluC and
S4 domain of RIuD is unclear. Using the Instability Index RIuD are overall only weakly similar with that of RsuA
(41), the first 75 amino acids of RIuD score 39.4 (a score of (Figure 1). Although the centr@l-sheets are conserved, the
>40 indicates an unstable protein). However, the remaining surfacea-helices and loops show considerably more varia-
251 residues in the sequence score 37.3, which is nottion. The C-terminal helix packs against the rest of the protein
significantly lower. The N-terminal sequence of RIuD does rather differently, and is much longer in RIuD, creating a
not have the low level of sequence complexity characteristic distinctive and highly negatively charged extension jutting
of naturally unfolded proteins which adopt an ordered into the surrounding solvent. As noted above, the five
structure only on ligand bindingd?). Sequence searches C-terminal residues of RIuD appear to be highly flexible.
suggest up to 2069 proteins in the SwissProt database mayl he distinctive surfaces presumably confer on the enzymes
contain an S4 domain. The PROSITE databds} ¢ses a  their respective site specificities.
stricter definition which matches 214 known sequences, RIuC was crystallized in the presence of sulfate ions and
which do not include RIuC or RIuD. The first 75 residues RIuD in the presence of phosphate. One ordered anion
of RIuC have a predicted pl of 10.06, with 12% lysine and molecule is found for each protein monomer, but not at
10% arginine, an excess of positively charged residues whichequivalent positions (Figure 4). One sulfate ion is found for
might be expected for an RNA binding domain. The first each monomer of RIuC(92319), located outside the active
75 residues of RluD have a predicted pl of 4.88, 12% of the site and bound to surface positive charges, possibly in
residues being glutamate. The N-terminal domain does notpositions where RNA backbone phosphate groups might
therefore appear to be a simple bolt-on structure which bind. The two sulfate ions in the asymmetric unit are not at
confers RNA binding. Presumably, flexibility of the N- equivalent positions relative to the protein however; one is
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FiGure 4: Stereo tnF, — DF. electron density maps covering the active sites of (a) RIuE®®) and (b) RluD. Density is contoured at

1.30. Water molecules are shown as red spheres. In RIUC, the active site aspartate (Asp144) forms bonds to the side chains of both Arg142
and Arg245. RIuD has Arg137 and Arg237 on either side of the active site aspartate (Asp139), equivalent to Arg142 and Arg245 in RIuC,
respectively.

e

close to the active site, and the other is close to other surface(Figure 4). The bond between Aspl39 and Arg237 is
arginines (157 and 161). Repeated attempts to introduce smalmaintained. This arginine residue (RIuC residue 245 and
substrate analogues (uridine, uracil, and UMP) into the active RIuD residue 237) in helixa3 (Figure 1) is preserved in
site, by soaking or cocrystallization, all failed, even when motif Ill of TruA and TruB, but RSuA has a lysine residue
concentrations as high as 100 mM were used, despite theat this position. The differences in the conformations may
modest ionic strength of the mother liquor. Neither RIuC be partly due to the presence of sulfate and phosphate ions,
nor RluD seems therefore to have an appreciable affinity but suggest the active site residues are flexible. A hydrogen
for simple substrate analogues under the crystallization bond between the nearby side chains of His242 and Tyr261
conditions that were used. In contrast, such experiments weran RIuC is maintained in RIuD between His234 and Tyr253.
successful in the case of Rsu®j, indicating that the active The structures of RIuC and RIuD readily explain the
sites exhibit different behavior as well as being lined by mutagenesis experiments of Spedaliere and collea@@gs (
different side chains. Since the cgtesheet structure appears who mutated the conserved lysine in motif I, believing it
to be rigid, it is unlikely to undergo large conformational may play a catalytic role. This lysine is in fact buried within
changes on substrate binding. Surface loops around the activéhe protein at the loops formed by motifs | and II, and
site may be more flexible (Figure 5). Upon comparison of interacts with the carbonyls of five residues, including the
the active sites of RIuC and RIuD, it can be seen that residuescatalytic aspartate. Placing arginine or methionine at this
around the catalytic aspartate are conserved, but not theirposition greatly destabilized RIuA and TruB (preventing
interactions. The active site aspartic acid in both cases hasneasurements of any enzyme activity for the RIUA mutants),
an arginine on either side; in the case of RIUC, there are but at the same time not greatly affecting the catalytic activity
hydrogen bonds from Aspl44 to Argl42 and Arg245. In of TruB. Replacing the adjacent conserved proline with
RIuD, the active site aspartate (Asp139) has turned, breakingglycine or leucine gave only a modest dropki; and an

the bond to Arg137 and instead hydrogen bonding to Thr142 increase inKy (26). This suggests that some increase in
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Ficure 5: (a) Stereo superposition of thexGraces of RIUC (red) and RluD (blue) catalytic domains. Motif | is found at the end of the
seconds-strand; the X-Asn-Lys-Pro-Y sequence (residues—1080 in RIuC and residues 94.00 in RIuD) is shown in yellow. Motif Il

is very close in space, betwegrstrands 3 and 4. The Arg-Leu-Asp sequence, including the catalytic aspartate (residuéd442RIuC

and residues 137139 in RluD), is shown in green. (b) Closer view around the opening of the superimposed active sites of RluD (blue) and
one copy of RIuC (red), showing the positively charged residues and the positions of the phosphate and sulfate anions. The sulfate ion that
is shown lies outside the active site of RIUC, close to Lys197, Arg205, and Arg245. The second monomer has a sulfate ion in a different
location, near Arg157 and Arg161; both anions are found close to crystal contacts but may indicate the positions of phosphate groups in
the bound RNA substrate. The phosphate ion in RIuD is closer to the catalytic aspartate, and hydrogen bonded to the side chains of His234
and Arg237 and the main chain nitrogen of Lys140.

flexibility in the loop carrying the catalytic aspartate does of the catalytic domain, it is clear that the pseudouridine
not strongly impair activity, and the conservation of the lysine synthases use different modes of substrate binding. TruB has
is to maintain protein stability. no equivalent of the N-terminal domain of RIuC or RIuD.
The crystal structure oE. coli TruB complexed with 22
DISCUSSION nucleotides of RNA, including a 5-fluorouridine at the
TruB is the enzyme responsible for converting uridine 55 Position mimicking uridine 55X3), shows that the enzyme
in the T stem-loop motif of tRNA, an almost universally ~ works by a nucleotide flipping mechanisdg]. A conserved
conserved modification among tRNAg4-46). Recent histidine (His43), close to the catalytic Aspg], occupies
studies with TruB show the protein uses both induced fit the position of G18, the guanine base paired with U55 in
and rigid docking to bind its target RNA, the C-terminal the T stem-loop sequence. RIuC and RIuD have no
domain moving as a rigid body to bind the substrate RNA equivalent histidine, but do have another nearby histidine
(47). Since RIuC and RIuD have no structure equivalent to (His114 and His105, respectively) which may serve instead.
this domain, and their C-termini are found on the other side These proteins also have a conserved HRLD sequence within



RIuC and RIuD Biochemistry, Vol. 43, No. 15, 20041461

motif Il (Figure 1), from which RsuA misses the histidine conserved residues implies a similar mechanism among
and TruB misses both the histidine and arginine. Overlapping pseudouridine synthases, significant differences also exist.
the TruB structure with RIuC and RIuD shows that the motif The active site of RsuA is much more open than those of
Il arginine (Arg142 and Argl37, respectively) would clash TruB, RIuC, and RIuD which have extendgehairpins and
with the RNA substrate of TruB, but may stack against the loops occluding the substrate pocket. Access to the uridine
RIuC or RIuD RNA substrate. Some other residues lining targeted for conversion to pseudouridine requires the base
the active site of TruB are found in RluC and RIuD, including to be “flipped” out from the local RNA tertiary structure,
Tyr76, Leu200, 11e180, and Arg181 (TruB numbering), but and RIuC and RIuD probably use means broadly similar to
overall, the active sites of RIuC and RIuD show rather little those of TruB and RsuA to achieve this. As with all enzymes,
sequence conservation with models of other pseudouridinehowever, catalysis and recognition are closely related, and
synthases. While the pseudouridine synthases probably allit is clear that the interactions with RNA are different. The
share essentially the same enzymatic mechanism, there isole of the positive charges close to the catalytic aspartate is
no very strongly conserved constellation of amino acid unclear. They possibly bring the aspartate into a catalytically
residues at the active site such as the catalytic triad of theactive position on correct substrate binding, and may hold it
serine proteases. In the absence of suitable complexes withn an inactive conformation otherwise. This would help
which to compare RIuC and RIuD, the precise details of the ensure the chemically simple transformation to pseudouridine
interactions with substrates cannot be inferred from the apo (which requires no input energy or cofactors) is restricted
structures alone. Complexes with larger RNA molecules will to the intended sites. Since uracil and UMP evidently bind
be required to observe the role of individual residues, RIuC and RIuD extremely weakly, binding energy from other
especially the catalytic aspartate. parts of the substrate is needed to drive the reaction.

It was originally proposed, by analogy with thymidylate ~ The absence of any hint of electron density for the
synthase, that the nucleophile used to attack the uridine wasN-terminal domain of RIuD was disappointing, but suggests
a cysteine side chain, but this proposal was disproved by that this protein (and possibly RIuC) adopts the familiar tactic
mutating the conserved Asp within motif Il of TruB, TruA,  of using disordered regions to provide specific binding of
and RIUA @9, 50). Aspartic acid is much less nucleophilic, moderate affinity $2). Interestingly, Sivaraman and col-
and enzymes using carboxyl groups as nucleophiles (suchieagues were unable to obtain well-ordered crystals of full-
as glycosidases) generally use pairs of carboxyl groups tolength RIuD, presumably because of attachment of an
achieve sufficient reactivity, one carboxyl acting as a proton N-terminal histidine tag. They therefore used proteolysis to
donor and one as the nucleophile. Clan GH-A glycosidasesidentify a folded domain, and recloned RIuD missing the
have an arginine close to the nucleophile glutamate. Pseudofirst 68 residues15). A 23-residue N-terminal tag did not
uridine synthases have only one conserved aspartate, acprevent crystallization in space gro®gs2:2 (16). We did
companied by a close-by arginine or histidine, at the active not use histidine tags since both native RluD and RIuE(92
site. Itis not clear why a more chemically obvious thiol group 319) proved to be stable, soluble proteins that could be
is not used, but aspartic acid may be a better choice of readily purified by conventional column chromatography,
nucleophile since it is a better leaving groug). It may making tags (and recloning) unnecessary. A 29-amino acid
also be that a strong nucleophile is not necessary. In the caselisordered stretch of TruB was found to become ordered on
of glycosidases, the Brgnstgdralue is low (i.e., the reaction  RNA binding @7), so this may be a general feature of these
rate depends only weakly on theKpof the attacking  enzymes. The sequences of the N-terminal regions of RIUC
nucleophile), implying the transition state is close to the and RIuD give no suggestion of a low level of complexity.
starting materials{1). The catalytic Asp forms a salt bridge  Further experiments are underway to determine the structure

with Arg181, which Hoang and FérH®'Amaré suggest may of these proteins in the presence of substrate and analogues.
increase the nucleophilicity of the carboxyl grodi8). The
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