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Supplemental Discussion
Regarding General Acid Base Catalysis by C47 N4
Formally, the C47 N4 exocyclic amine could serve as a general acid catalyst according to
two models: (1) C47 acts from the neutral form, generating the nucleobase anion
following proton transfer from N4, or (2) the catalytically active form of C47 is a cation
that is protonated at N3. N3 would hence serve as an electron sink, favoring a tautomeric
shift to the N4-imino form as a proton is transferred from N4 during catalysis. We
consider both of these models unlikely. For Model 1, the neutral form of C (pKa ~12) is
not sufficiently acidic to serve as an effective general acid. For Model 2, in order to
provide general acid catalysis without influencing the pH-rate profile over the range 5.78.5, the ribozyme would have to shift the pKa of the C47 cation by at least four pKa units
(from 4 to > 8). Furthermore, methylation of N3, which would perturb the pKa for both
N3 and N4, has a negligible effect on catalysis (S1), which also suggests that model 2 is
not valid.
Known and Novel Structural Motifs in the Class I Ligase
The GNRA-tetraloop-like triloop enclosed between C40 and G44 is one of two familiar
structural motifs that cap opposite ends of the P3-P6-P7 domain. L7 (U93-A98) forms a
canonical “uridine-turn (U-turn)” motif, observed first in the anticodon loop of yeast
phenylalanyl tRNA (S2) and subsequently in the active site of the hammerhead ribozyme
(fig. S6, (S3,S4)). The ubiquity of this motif in diverse RNA species might imply that its
role in the ligase is analogous to that of the J3/4 GAA triloop, namely, to provide a short,
thermodynamically stable cap at the end of a helical region. This being said, this motif is
not required for ligase activity, as the L7 sequence is variable in active ligase and
polymerase isolates (S1, S5–S7).
A third known motif involves the docking of nucleotides A22–A25 (near the 5´
end of J1/3) into P1. These residues form a structure nearly identical to that of a small
viral ribosomal frameshifting pseudoknot (fig. S7, (S8)). U23 is of particular interest, as
the analogous residue in the viral pseudoknot is an adenosine, yet both are able to share a
network of hydrogen bonds with the following cytidine residue and the 2´-hydroxyl of
the docking nucleotide (fig. S7B). Supporting the isosteric nature of these interactions,
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an adenosine at position 23 is frequently observed among highly active isolates from our
most recent ligase selection (S1), and the improved polymerase variants isolated by Zaher
and Unrau show a sequence bias for adenosines in the region analogous to the 5´ end of
J1/3 (S9).
The viral pseudoknot-like fold near the 5´ end of J1/3 immediately abuts one copy
of a novel substructure we observe twice in the class I ligase, a four-nucleotide motif we
call the “A-minor triad” (fig S8). Residues A25–A27 dock into the minor groove of two
consecutive base pairs in P1, using a sequence of hydrogen bonds directly mirrored by
residues A31–A33 and helix P6 (fig 2B,C, fig. S8A and S9). In both cases, a base that
bears a major-groove carbonyl (G28 at the 3´ end of the P1 triad, U34 at the 3´ end of the
P6 triad) follows this succession of adenosines. In both cases this fourth base is rotated
away from the docking helix, directing its carbonyl downward toward the base triples
which preceded it, such that the backbone strand of the motif assumes an ~90° angle.
The two incarnations of this motif are superposable (fig. S8B, all-atom RMSD = 1.29Å,
without the 5´-phosphate and 3´-(U/G), RMSD = 0.14Å), though only the P6 triad
appears to form a binding site for a magnesium ion. However, in superposing the two
iterations of the motif, the helices into which they each dock – P1 and P6 – do not align
as well, presumably because of local conformational and contextual differences between
these helices, and slight differences in the angles with which the triads recognize their
cognate binding sites.
With the exception of a single hydrogen bond (between A26 N1 and G-3 N3, and
between A32 N1 and G74 N3), the contacts made by an A-minor triad could form
irrespective of the sequence into which it docks. Hence, it is possible that this motif
represents a simple structural module in which single-stranded RNA docks into the minor
groove of a regular A-form duplex, although if so, it is exceedingly rare. A search
through known RNA crystal structures revealed only a single additional instance –
nucleotides 607-610 of the 16S rRNA (T. thermophilus numbering, fig. S8C). Perfect Aminor triads are observed at this position both in T. thermophilus (S10) and in E. coli
(S11). Note that in the T. thermophilus A-minor triad, the three adenosines are followed
by a guanosine, whereas in E. coli this last residue is a uridine. These observations, in
addition to the repeated selection of a uridine or guanosine at the end of each motif in
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active ligase or polymerase ribozyme variants (S1, S5, S7, S9), further support the notion
that the A-minor triad motif preferentially terminates in a residue bearing a major-groove
carbonyl. In addition, the 16S rRNA examples resemble the ligase P6 A-minor triad in
that a nonbridging oxygen on the second adenosine binds to a solvent atom, around
which the rest of the motif hooks. Hence, the propensity to form a metal-binding site
may be a general trait of A-minor triad motifs (although given the ligase P1 triad, not a
universal one).
Fidelity and Regioselectivity by the Class I Ligase Ribozyme
The electrophile for the self-ligation reaction is the triphosphoguanosine (G1) at the 5´
terminus of the ribozyme (S12). G1 is deleted in polymerase ribozymes that perform
primer extension reactions, its role performed instead by free nucleoside triphosphates
(NTPs). Also deleted are the J1/2 residues tethering G1 to the ribozyme core. The
crystal structure revealed highly specific contacts to J1/2, which could help orient G1 of
the ligase and explain why primer extension with pppGGA, corresponding to G1–A3 of
the ligase, is 103 fold more efficient than with GTP alone (S13). Although primer
extension with NTPs is less robust in the absence of J1/2-mediated substrate tethering
and positioning, it is nonetheless highly selective for Watson-Crick matching to the
template (S7, S14). This fidelity might be explained in part by a high-occupancy
hydrated magnesium ion bound to C12. C12 pairs to G1 and represents the template
nucleotide that pairs with an incoming NTP during primer extension. As modeled, the
C12-bound magnesium is held in place by a series of outer-sphere contacts with the O2
of C12 and the 2´-hydroxyls of C12 and U48 (Fig. 3B, table S3). Analogous contacts
could form irrespective of the identity of the template nucleotide, and might help
constrain the template residue relative to the active site. Such a constraint could disfavor
primer extension by mismatched NTPs, which would pair with a geometry placing the phosphate outside the line of nucleophilic attack. Moreover, the 2´-hydroxyl of C47,
which is located within 2.8–3.1Å of both the 2´- and 3´-hydroxyls of G1, could provide
additional sequence-independent contacts favoring a Watson-Crick match to position 12
(Fig. 3B,C).
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Although many RNA ligase ribozymes have been selected in vitro, the class I
ligase is in the minority of species that employ the substrate 3´-hydroxyl as a nucleophile.
The crystal structure of another such enzyme – the L1 ligase – has also been solved
(S15). Given the structural evidence, it was hypothesized that this ribozyme achieves
regioselectivity via an inhibitory water-mediated contact to the substrate 2´-hydroxyl,
which is proposed to quench any alkoxide species that might develop on the 2´-position.
Binding this quenching water was proposed to require that the nucleophile be situated
within a G•U wobble pair. We observe no analogous interactions in the class I ligase
structure; in fact, there is a remarkable dearth of interactions made to the A-1 nucleophile
in general. Although we cannot preclude the possibility that the interactions responsible
for regioselectivity have been lost during the course of catalysis due to a local
conformation change, our favored model is that selection arises purely as a consequence
of Watson-Crick pairing. Adenosine -1 and G1 are positioned in canonical base pairs
within a continuously stacked A-form duplex, which naturally places the A-1 3´-hydroxyl
proximal to the active site, orienting it for in-line attack on the G1 5´--phosphate.
Reorienting A–1 so as to place its 2´-hydroxyl at the active site, however, would require
gross deviation from A-form geometry, which would be energetically disfavored and
could perturb the active site.
Recent crystallographic and biochemical work on the class II ligase – which
almost exclusively catalyzes the formation of a 2´-5´ phosphodiester linkage (S6) – seems
to further support the notion that regioselectivity is largely determined by the local
sequence context situating the nucelophile and electrophile (S16). By examining the L1
and class II crystal structures, the authors were able to alter the regioselectivity of each
ribozyme simply by changing the sequence of the base pairs abutting the ligation
junction. Interestingly, in the L1 ligase, conversion of the G•U wobble pair orienting the
nucleophile to a Watson-Crick pair has little perceptible effect on the regioselectivity,
calling into question the proposed wobble-specific water-quenching mechanism. For
both ribozymes, the most efficient conversion to the opposite selectivity was observed
when mutations at the ligation junction were augmented by mutation of the base pair
downstream of the ligation junction, implying that the positioning of the electrophile by
adjoining bases plays a role in determining regiospecificity. In the class I ligase,
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however, sequences downstream of the ligation junction do not play an essential role for
regiospecificity. Primer extension with exogenous GTP, which occurs without
downstream sequences with which to position the electrophile, maintains selection for the
3´ hydroxyl nucleophile (S14).
Also of note is that the L1 and class II ligases both position their electrophiles via
a trans Hoogsteen-sugar A•G base pair, not via Watson-Crick pairing. This is identical
to the G2-A11 pair observed in the class I ligase. It is interesting to consider that, had the
register by which J1/2 docks into P2 been offset by one base – aligning A11 with G1
rather than with G2 – the class I ligase might have emerged as a 2´-5´ selective enzyme
as well.

Materials and Methods
U1A Expression and Purification
The U1A A1-98 Y31H/Q36R double mutant (S17, S18) was expressed from the plasmid
p11U1ADb. To construct this plasmid, the protein-coding sequence from a vector
provided by Adrian Ferré-D’Amaré and Jennifer Doudna was inserted into the pET11a
(Invitrogen) plasmid, thereby generating a vector that expressed more efficiently than its
predecessor. For protein expression, a saturated culture of E. coli BL21(DE3) cells
transformed with p11U1ADb was diluted 1:1000 into LB supplemented with 100 μg/mL
ampicillin and grown in baffled flasks at 37º C with vigorous shaking. Protein
overexpression was induced by the addition of 0.5 mM IPTG when cultures reached an
OD600 of 0.7. Growth was continued at 37º C in the same fashion for another 2.5 hours,
and cells were harvested by centrifugation and stored at –80º C before use. Pellets from a
two-liter culture were resuspended in 40 mL of the lysis buffer described in (S19) and
lysed by two passages through a French press at 4º C. Thereafter, purification was
performed essentially as in (S17), following a detailed protocol provided by Kaihong
Zhou of Jennifer Doudna’s laboratory. Column fractions from the final purification step
were assayed individually for the presence of contaminating ribonuclease by overnight
incubation with 32P body-labeled RNA and visualized by gel electrophoresis and
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phosphorimaging. Fractions lacking nuclease were pooled, dialyzed into storage buffer
(S17), concentrated to 15 g/L and stored at –80º C before use.
Crystallization Constructs
The crystals producing the native dataset were of an improved class I ligase (S1) (Fig.
1A), modified at the end of P5 with four additional base pairs terminating in the U1Abinding loop (Fig. 1B). DNA representing the unligated form of this ribozyme was
subcloned into pUC19 (New England Biolabs) under a T7 transcription promoter,
followed by a genomic hepatitis delta virus (HDV) self-cleaving ribozyme (S20) and an
EarI restriction site, yielding the plasmid p307HU. The HDV sequence cleaves itself
from the ribozyme 3´ terminus, thereby producing a homogenous ribozyme 3´ end. The
relevant sequence of the insert was
GCGTAATACGACTCACTATAGGAACACTATACTACTGGATAATCAAAGACAAATCTGCC
CGAAGGGCTTGAGAACATACCCATTGCACTCCGGGTATGCAGAGGTGGCAGCCTCCGGT
GGGTTAAAACCCAACGTTCTCAACAATAGTGAGGCCGGCATGGTCCCAGCCTCCTCGCT
GGCGCCGGCTGGGCAACATTCCGAGGGGACCGTCCCCTCGGTAATGGCGAATGGGACCC
AC
in which the highlighted section indicates the T7 promoter, bold nucleotides denote the 5´
and 3´ ends of the ligase, underlined nucleotides are those that have been engineered to
facilitate crystallization, and the italicized residues are the U1A-binding loop.
A second construct, pH307HP, was used to transcribe RNA representing the postligation product of the ribozyme. To ensure a homogenous 5´ terminus with the 5´hydroxyl resembling that of the synthetic substrate, the transcript began with a
hammerhead (HH) self-cleaving ribozyme (S20), which excises itself from the ribozyme.
The relevant sequence of the insert was
GCGTAATACGACTCACTATAGGGAGATTCCTACTGGACTGATGAGTCCGTGAGGACGAA
ACGGTACCCGGTACCGTCTCCAGTAGGAACACTATACTACTGGATAATCAAAGACAAAT
CTGCCCGAAGGGCTTGAGAACATACCCATTGCACTCCGGGTATGCAGAGGTGGCAGCCT
CCGGTGGGTTAAAACCCAACGTTCTCAACAATAGTGAGGCCGGCATGGTCCCAGCCTCC
TCGCTGGCGCCGGCTGGGCAACATTCCGAGGGGACCGTCCCCTCGGTAATGGCGAATGG
GACCCAC
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annotated as above. Prior to use as templates for in vitro transcription, plasmids were
digested with EarI nuclease.
RNA Synthesis and Purification
T7 in vitro transcription reactions were as described (S5), in volumes of 3–10 mL, with
20 μg/mL EarI-linearized template plasmid. After 2.5 hours, reactions were quenched by
the addition of EDTA, extracted with phenol and chloroform, then ethanol precipitated.
Pellets were resuspended in water and desalted with RNase-free P30 gel-filtration spincolumns (BioRad). To ensure complete processing of the self-cleaving ribozyme(s), the
effluent was heated and cooled (85º C and 37º C, 5 minutes each), brought to one-fifth
the original transcription volume in HDV Buffer (30 mM Tris, pH 7.4, 10 mM MgCl2,
200 mM KCl), and incubated for 45 minutes at 37º C. These reactions were quenched
with EDTA, ethanol precipitated, and resuspended in a minimal volume of water.
RNA that had been transcribed as the unreacted ligase species (from the p307HU
template) was diluted with urea (~6 M final urea concentration), and loaded onto
preparative-scale denaturing 6% polyacrylamide TBE/Urea gels (33 cm width, 42 cm
height, 4.76 mm spacers). Following electrophoresis, bands were visualized by UVshadowing and excised, and RNA was isolated either by electro-elution into 0.5X TBE
(Elutrap System, Schleicher and Schuell), or by passive elution into 300 mM NaCl at 4º
C for two days, harvesting material after each day. RNA was ethanol precipitated and
resuspended in water to a final concentration of 5 μM. To form the product species, this
material was preincubated (80º C for 5 minutes, 22º C for 10 minutes) then reacted with
the substrate oligonucleotide 5´-UCCAGUA- 3´ (Dharmacon), initiating the reaction with
simultaneous addition of buffer, salts and substrate (final concentrations, 1 μM ligase, 2
μM substrate, 50 mM MES, pH 6.0, 10 mM MgCl2, 50 mM KCl, 1 μM EDTA). After 30
minutes at 22º C, the reaction was quenched with EDTA, ethanol precipitated and
resuspended in ~6 M urea. To enable separation of the ligated product (137 nt) from
unreacted ribozyme (130 nt), material was loaded onto multiple preparative 6%
polyacrylamide TBE/urea gels (same dimensions as above, 0.5 mg RNA/gel), and
subjected to 12-15 hours of electrophoresis. Product was visualized and purified as for
the unligated RNA. Following the final precipitation, pellets were air-dried to remove

Shechner et al. Supplemental Online Materials, page 9
residual ethanol, resuspended in minimal water, filtered to remove any particulate matter
(0.22μm Centrex filters, Schleicher and Schuell), and stored at –20º C.
RNA used to prepare derivative crystals was transcribed as the ligated product
species from the pH307HP plasmid and treated to remove the 2´-3´ cyclic phosphate left
by cleavage of the HDV ribozyme. (This material was prepared in the course of
exploring an alternate crystal form for which crystallization was sensitive to the state at
the 3´ terminus.) Following HDV processing, RNA was desalted, diluted to 10 μM in
water and heat/cooled (85º C and 37º C, 5 minutes each). The cyclic phosphate was
removed by T4 polynucleotide kinase (PNK) treatment, using “method iii” described in
(S21), except that RNA was diluted to a final concentration of 5 μM, and PNK (New
England Biolabs) was at 0.5 U/μL. After six hours at 37º C, the reaction was quenched
with EDTA, extracted with phenol and chloroform, and ethanol precipitated. The pellet
was resuspended in water, and material from up to 5mL of initial transcription was
separated on a single preparative-scale denaturing 6% polyacrylamide TBE/urea gel.
After electrophoresis, purification was identical to that described above for ligated
p307HU-transcribed material.
To inspect for full removal of the 2´-3´ cyclic phosphate, we developed an assay
appropriate for larger RNAs, which cannot be evaluated using the gel-mobility-shift
assays useful for shorter RNA species. Following T4 PNK treatment, 25 pmol of RNA
was desalted and incubated at 2.5 μM final concentration with 750 U of Yeast Poly(A)
Polymerase (USB), in the manufacturer’s supplied buffer, supplemented with 1 mM
ATP. After 30 minutes at 37º C, reactions were quenched with EDTA, extracted with
phenol, diluted with urea, boiled and separated on a diagnostic-scale 6% polyacrylamide
TBE/urea gel. RNA molecules terminating in a cis-diol were extended by poly(A)
addition to produce longer species, whereas RNA not treated with PNK did not shift (fig.
S11A). As expected, this assay was sensitive to the covalent state of both the 2´ and 3´
hydroxyls: opening the cyclic phosphate by acid-catalyzed hydrolysis (resulting in a
mixture of 2´- and 3´ linear mono-phosphates (S22)) produced RNAs that were unsuitable
substrates for poly(A) extension, whereas further alkaline-phosphatase treatment (Roche)
to remove the linear phosphate (S22) allowed poly(A) extension of nearly all material
(fig. S11B).
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Crystallization
Approximately 200 μM RNA was heated (80º C, 5 minutes) and cooled (22º C, 10
minutes) in water, and then mixed with annealing buffer (final composition, 5 mM MES,
pH 6.0, 10 mM MgCl2, 1 mM DTT), and incubated at 22º C for an additional 15 minutes.
U1A was added at a 1:1 molar ratio of RNA:protein to bring the final complex
concentration to 5.2 g/L. This mixture was incubated at 22º C for 45–60 minutes, mixing
periodically, then centrifuged at 13,000g for 1 minute prior to setting up crystallization
experiments.
Initial crystals were obtained by hanging drop vapor diffusion, mixing 1 μL of the
ligase:U1A complex sample with 0.5 μL mother liquor consisting of 20–30% (v/v) 2Methyl-2,4-pentane-diol (MPD), 50 mM sodium cacodylate (pH 6.0–7.0), 30-40 mM
magnesium acetate and 1 mM spermine, and equilibrating over 0.6 mL of this same
precipitation mixture at 20º C. Crystals appeared over 2–3 days, and grew to full size
(~70 μm per side) within a week, most often with an intractable habit (inseparable
clusters or stacks of plates). Only ~1% experiments performed in this fashion yielded
usable crystals.
A systematic screen of additive compounds (Hampton Research) revealed that
addition of 50 mM KCl to the crystallization mixture slightly diminished the degree of
crystal clustering, whereas 100 mM KCl ablated nucleation altogether. We therefore
exploited these properties, using microseeding to obtain morphologically tractable,
diffraction-quality crystals more reproducibly. Seed-producing crystal clusters were
grown by mixing 0.5 μL Ligase:U1A complex with an equal volume of 22–26% (v/v)
MPD, 50 mM sodium cacodylate (pH 6.0), 40 mM magnesium acetate, 50 mM KCl and
1 mM spermine, and equilibrating over 0.6 mL of this precipitation mixture. Drops
containing viable crystals were stabilized by bringing them to 36% MPD, keeping all
other buffer components (including those derived from the RNA-annealing and U1Astorage buffers) isotonic. Crystal clusters were crushed using a Seed-Bead kit (Hampton
Research), and the resultant seed suspensions were serially diluted in the same
stabilization buffer. Diffraction-quality crystals were obtained by using these serially
diluted seed stocks directly as precipitant under conditions that would otherwise prohibit
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crystal nucleation: 0.7 μL of Ligase:U1A complex was prepared in annealing buffer
supplemented with 100 mM KCl, mixed with 0.5 μL of the seed-stock dilution, and were
equilibrated the drops over 0.6 mL wells of 22–26% MPD. Using this method, roughly
one out of every three drops produced at least one high-quality crystal (50–100 μm in all
dimensions) within a week. For cryoprotection, drops bearing suitable crystals were
brought to 30% (v/v) MPD, again keeping all other buffer compositions isotonic, and
incubated against a well of 30% MPD for 2–24 hours before mounting in a nylon loop
and plunging directly into liquid nitrogen.
Early crystallization efforts started with RNA that had been transcribed from
p307HU and had undergone the self-ligation reaction. It was this RNA that produced the
crystal used in our native data set. We subsequently found that RNA transcribed from
pH307HP produced crystals under identical conditions, and that crystal-to-crystal
isomorphism was observed independent of the RNA-production strategy. We therefore
used the RNA transcribed from pH307HP, as this strategy involved only one gel
purification step and gave higher yields. Derivative crystals were prepared by first cryostabilizing native crystals at 30% (v/v) MPD for 2 hours as above, and then soaking them
for 16–24 hours in otherwise isotonic solutions containing 5mM cobalt hexamine
(Sigma), or iridium hexamine (gift of Robert Batey). In an effort to maximize
isomorphism, crystals soaked in each of these compounds were derived from the same
parental seed stock. Crystals were harvested directly from the soaking solution with a
nylon loop and plunged directly into liquid nitrogen.
Data Collection and Processing
Native and derivative data sets were collected at NE-CAT beamlines 8-BM and 24-ID at
the Advanced Photon Source (APS), respectively, the latter aided by the technical advice
of K.R. Rajashankar. This work is based upon research conducted at the Northeastern
Collaborative Access Team (NE-CAT) beamlines of the APS, supported by award RR15301 from the National Center for Research Resources at the National Institutes of
Health. Use of the Advanced Photon Source is supported by the U.S. Department of
Energy, Office of Basic Energy Sciences, under Contract No. DE-AC02-06CH11357.
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All data were integrated and scaled using the HKL2000 software suite (S23).
Initial phases were obtained from a single isomorphous replacement with anomalous
scattering (SIRAS) experiment, using a cobalt hexamine-soaked crystal as a “pseudonative,” and an iridium hexamine-soaked crystal as a derivative, similar to the method
described in (S24) (table S1). Nineteen initial iridium sites were found using SHELXD,
and a preliminary round of solvent flattening was performed in SHELXE (S25); both
processes were aided by the hkl2map graphical interface (S26). The resultant initial
electron density map (fig. S1B) contained clear RNA A-form density, as well as
conspicuous proteinaceous features from U1A.
Model Building and Refinement
Two monomers corresponding to the U1A protein bound to its cognate loop and a seven
base-pair stem (analogous to P5 in the crystallization construct) were located the original
experimental density using the program MOLREP (S27) in the CCP4 program suite
(S28), using a search model derived from the hairpin ribozyme-inhibitor crystal structure
(S29) (PDB ID: 1HP6). Further rounds of solvent flattening were performed in the
program SHARP (S30), using A-weighted, combined phases from the initial heavy
atom sites and this partial molecular replacement solution, iteratively adjusting the
solvent content by hand and inspecting the quality of the resultant electron density map.
This yielded modestly improved maps, restoring some phosphate and base-density which
had been truncated by the initial SHELXE output.
An initial model was built into this experimental 3.36Å density by real-space
refinement in the program COOT (S31), starting with 3–4-nucleotide stretches of A-form
polycytidine and building into areas with clear RNA-backbone density (S15). Each
round of poly(C) model building was followed by a round of restrained, individual-site,
isotropic Atomic Displacement Parameter (ADP) refinement with automated bulk-solvent
correction (termed the “individual ADP” strategy in PHENIX (S32)). Refinement was
against experimental structure factor amplitudes and phases, using a maximum likelihood
target. Given the limited resolution of the data, target geometric weights (“wxc_scale” in
PHENIX) were set to a relatively restrictive setting of 0.05 and B-factors were initially
refined per-residue. The “wxu_scale” was kept constant at 1.0 during all refinement

Shechner et al. Supplemental Online Materials, page 13
rounds (S32). In early stages, ADP refinement was followed by simulated annealing
(5000K to 300K in 100K steps), also implemented in PHENIX. The two monomers were
built individually and refined without the use of noncrystallographic symmetry (NCS)
averaging. Once ~60% of the RNA sequence had been placed in this fashion,
experimental phases were discarded and ADP refinement with automated bulk solvent
correction continued using model-based phases and native amplitudes at 2.99Å, now
allowing refinement of individual atomic B-factors. Inspection of the |Fobs| - |Fcalc|
difference maps from early rounds of refinement at higher resolution resulted in the
unambiguous assignment of individual bases as purine or pyrimidine, and in many cases
guanosines could be distinguished from adenosines. This, along with the position of the
U1A protein and P5 stem, allowed establishment of the RNA sequence register. In later
stages of refinement, NCS averaging was used for residues 20–28, where the electron
density map was noisiest, and the resulting B-factors the highest (fig. S2).
Parallel experiments using a TLS refinement in addition to ADP refinement failed
to improve Rfree values and the quality of 2|Fobs|-|Fcalc| maps, and revealed no additional
features in |Fobs| - |Fcalc| difference maps. Hence, the final structure factors and model
were calculated entirely without the use of TLS refinement.
After placement of all 137 RNA nucleotides for each ligase monomer and all but
the first 6-7 protein residues in each U1A protomer, solvent atoms were placed into peaks
of 4 or greater in the resultant |Fobs| - |Fcalc| difference map and further refined; this
process of refinement and solvent placement was reiterated until the Rfree value reached a
local minimum. Owing to the resolution limit, magnesium and water atoms could not be
individually refined in a chemically sensible manner, so partially- or fully hydrated
magnesium clusters were treated as individual monomers during refinement, having
defined model residues with ideal bond lengths and geometry. In the final rounds of
refinement, the bond distances (2.07Å) and angle (90°) between backbone phosphate
nonbridging oxygens at positions A31 and A32 were fixed with respect to the magnesium
ion they coordinate (Fig. 2B, 3A); all other clusters were unrestrained relative to RNA or
protein. Side-chain atoms for a number of the U1A residues have been removed in cases
for which density in our final 2|Fobs| - |Fcalc| maps was apparent for the backbone only.
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Despite having not enforced global NCS averaging, the two copies of the RNA are nearly
identical: excluding residues in the U1A loop, their all-atom RMSD is 0.92Å.
The final model is in excellent agreement with a large body of biochemical data
accumulated on the ligase (S1). In addition, per-residue solvent accessibilities for all
RNA C4´ carbons (calculated using AREAIMOL in the CCP4 program suite, (S28))
correlate with observed Fe•EDTA solvent protection data at these positions (fig. S12,
(S33)), further supporting the validity of our model.
Simulated annealing OMIT maps (Fig 3B, D) were calculated in PHENIX,
without additional ADP refinement. Simulated annealing composite OMIT maps (fig.
S1C) were calculated in CNS (S34), with blocks of 5% unit cell volume omitted from
each calculation. Though not quoted in table S1, the Rwork and Rfree values calculated in
CNS are in good agreement with those calculated in PHENIX (23.0 and 25.7%,
respectively).
Real space R-values, A and Luzzati estimated coordinate errors (table S1) were
calculated in CNS. The lengths of potential hydrogen bonds (table S2) and metal ion
contacts (table S3) were measured without modification of our model. However, in order
to measure hydrogen bond angles (table S2), hydrogens were added automatically using
MolProbity (S35); where necessary, 2´-hydroxyls were rotated by hand into the optimal
hydrogen-bonding orientation. Structural alignments (figs. S3, S6, S7 and S8) were made
using the least-squares all-atom alignment function in COOT (S31). All structure figures
were made with the program PyMOL (S36).
Biochemical Experiments
Mutant ribozymes were generated from the U1A-modified construct, p307HU
(QuickChange mutagenesis kit, Stratagene). For kinetic assays, body-labeled RNA was
heated and cooled (80° C, 22° C, 5 minutes each) in water, and the reaction was initiated
by the simultaneous addition of buffer, salts and an excess of oligonucleotide substrate
(final concentrations, 1 μM ligase, 2 μM substrate, 50 mM Tris, pH 7.0, 10 mM MgCl2,
50 mM KCl, 1.0 μM EDTA). Reactions were incubated at 22°C, and aliquots were
removed at time points and quenched by mixing into a two-fold excess of gel loading
buffer (8 M urea, 120 mM EDTA, trace xylene cyanol and bromphenol blue). Samples

Shechner et al. Supplemental Online Materials, page 15
were boiled and separated on 6% polyacrylamide TBE/urea sequencing gels, imaged and
quantified by phosphorimaging (Fujifilm BAS-2500). For each time point, the fraction
product was measured as FP = Product/(Product + Reactant), and fitted to the curve:
–kOBSt

FP(t) = FM(1 – e

), t = time

with FM (the maximum fraction reacted), and kOBS (the observed rate constant) treated as
unknowns. Fits were performed using the least squares method, implemented in
KaleidaGraph (Synergy Software).
Nucleotide analog interference mapping (NAIM) was performed as described (S1,
S37), starting with a pool of randomly phosphorothioate-modified RNAs and allowing
them to label themselves with 32P-labeled substrate RNA, under solvent and time
constraints that selected for only the most active molecules.
Fab-Ligase Crystal Structure
Selection and analysis of the ligase Fab, as well as crystallization and structure solution
of it complexed with the ligase (S38) shall be presented elsewhere.
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