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ABSTRACT

Bacteria and archaea possess adaptive immune systems that rely on small RNAs for defense against invasive genetic elements.
CRISPR (clustered regularly interspaced short palindromic repeats) genomic loci are transcribed as long precursor RNAs, which
must be enzymatically cleaved to generate mature CRISPR-derived RNAs (crRNAs) that serve as guides for foreign nucleic acid
targeting and degradation. This processing occurs within the repetitive sequence and is catalyzed by a dedicated Cas6 family
member in many CRISPR systems. In Pseudomonas aeruginosa, crRNA biogenesis requires the endoribonuclease Csy4 (Cas6f),
which binds and cleaves at the 39 side of a stable RNA stem–loop structure encoded by the CRISPR repeat. We show here that
Csy4 recognizes its RNA substrate with an ~50 pM equilibrium dissociation constant, making it one of the highest-affinity
protein:RNA interactions of this size reported to date. Tight binding is mediated exclusively by interactions upstream of the
scissile phosphate that allow Csy4 to remain bound to its product and thereby sequester the crRNA for downstream targeting.
Substrate specificity is achieved by RNA major groove contacts that are highly sensitive to helical geometry, as well as a strict
preference for guanosine adjacent to the scissile phosphate in the active site. Collectively, our data highlight diverse modes of
substrate recognition employed by Csy4 to enable accurate selection of CRISPR transcripts while avoiding spurious, off-target
RNA binding and cleavage.
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INTRODUCTION

Many bacteria and archaea employ small CRISPR (clus-
tered regularly interspaced short palindromic repeats)-de-
rived RNAs (crRNAs) as molecular sentries that base-pair
with phage or plasmids and thereby trigger degradation of
these foreign nucleic acids by CRISPR-associated (Cas)
proteins (Horvath and Barrangou 2010; Marraffini and
Sontheimer 2010; Al-Attar et al. 2011; Wiedenheft et al.
2012). CRISPR-derived precursor transcripts (pre-crRNAs)
are processed enzymatically to generate the mature crRNAs
that assemble into large ribonucleoprotein effector com-
plexes (Brouns et al. 2008). In type I and type III CRISPR
systems, as defined by Makarova et al. (2011), a single
endoribonuclease from the Cas6 superfamily cleaves pre-
crRNAs within each invariant repeat sequence to generate
z60-nucleotide (nt) products in which segments of the

repeat sequence flank the target-binding spacer sequence
(Brouns et al. 2008; Carte et al. 2008; Haurwitz et al. 2010;
Gesner et al. 2011; Lintner et al. 2011; Sashital et al. 2011).
crRNA biogenesis in type II systems requires RNase III,
which cleaves double-stranded RNA (dsRNA) substrates
formed by base-pairing between a small, noncoding RNA
(tracrRNA) and the pre-crRNA (Deltcheva et al. 2011).
Pre-crRNA processing is a hallmark of the CRISPR-Cas
system, and the inactivation of these endoribonucleases
results in a complete loss of immune system function (Brouns
et al. 2008; Deltcheva et al. 2011; Sapranauskas et al. 2011).

We showed previously that Csy4, recently reclassified as
Cas6f (Makarova et al. 2011), generates crRNAs in type I-F
CRISPR systems (formerly the Yersinia pestis subtype) by
cleaving pre-crRNAs at the bottom of stable stem–loops
encoded by the CRISPR repeat (Fig. 1A; Haurwitz et al.
2010). The co-crystal structure of Csy4 from Pseudomonas
aeruginosa UCBPP-PA14 bound to its pre-crRNA substrate
(PDB ID: 2XLK) revealed a diverse set of molecular in-
teractions that mediate RNA recognition (Fig. 1B). A highly
basic a-helix docks into the major groove of the stem–loop
and contains multiple arginine residues that form a network
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of hydrogen bonds with the RNA phosphate backbone along
the 59 strand of the stem. In a manner reminiscent of DNA-
binding proteins, Csy4 interacts with the bottom two base
pairs of the stem–loop through a direct readout mechanism
involving formation of base-specific hydrogen bonds be-
tween the major groove faces of A19 and G20 and residues
Gln104 and Arg102, respectively. The aromatic side chain of
Phe155 stacks below the terminal base pair, thereby position-
ing the scissile phosphate within the active site. Together, these
interactions enable Csy4 to recognize and cleave a single repet-
itive RNA sequence inside the cell, ensuring correct crRNA
processing without off-target effects.

Bioinformatic analyses of Csy4-related Cas proteins to-
gether with existing CRISPR databases (Grissa et al. 2007)
have revealed a potentially large number of enzyme variants
whose substrate specificities have co-evolved with the RNAs
encoded by CRISPR repeats. Gaining a thorough under-
standing of the selection mechanism by which Csy4
faithfully binds and cleaves its substrate should inform
future work aimed at expanding the toolbox of these
sequence-specific endoribonucleases. Furthermore, the
propensity of many pre-crRNA repeat sequences to form
small, stable stem–loops (Kunin et al. 2007) suggests that
general principles of substrate recognition employed by

FIGURE 1. Csy4 binds its substrate and product with high affinity and functions as a single-turnover enzyme. (A) Csy4 cleaves within pre-crRNA repeat
sequences (black) to generate mature crRNAs that contain a spacer sequence (colored line) flanked by fragments of the repeat. The substrate sequence and
cleavage site (red triangle) are indicated above, with the crRNA construct previously used for crystallography shown in bold. (B) A schematic depicts
protein:RNA contacts revealed by a co-crystal structure of Csy4 bound to a fragment of the crRNA repeat (PDB ID: 2XLK). Important amino acid
residues are shown in yellow, and RNA nucleotides are numbered as in A. Red circles, pentagons, boxes, and red dotted lines denote phosphates, ribose
groups, bases, and hydrogen-bonding interactions, respectively. (C) EMSAs (top) were performed with Csy4-H29A and the substrate and product of the
cleavage reaction. The resulting data for these and all subsequent binding assays were fit with a standard binding isotherm to yield equilibrium dissociation
constants (solid lines; see Materials and Methods), and average Kd and standard error of the mean (SEM) values from at least three independent
experiments are reported in Supplemental Table 1. (D) RNA cleavage assays were conducted at five different enzyme:substrate molar ratios, and the extent
of the reaction at various time points was assessed by denaturing PAGE (top). The resulting data for these and all subsequent cleavage assays were fit with
a single exponential to yield first-order rate constants (solid lines; see Materials and Methods), and average kobs and SEM values from three independent
experiments are reported in Supplemental Table 1. Error bars for each time point represent the standard deviation and are not always visible.
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Csy4 will be broadly applicable to other Cas6 family members
that associate with structured repeats.

To determine the importance of sequence- and shape-
specific RNA recognition during pre-crRNA processing, we
investigated the relative contributions of substrate base-pair
composition and geometry to binding and cleavage by Csy4.
Here we show that Csy4 binds its substrate RNA with
extremely high affinity (Kd � 50 pM) and functions as
a single-turnover enzyme. Single-stranded RNA (ssRNA)
nucleotides that flank the stem–loop contribute negligibly
to binding energy, but base-pair changes throughout the
double-stranded stem and mutations to the loop sequence
result in substantially weaker binding. We find that substrate
recognition also involves the precise length of the stem, such
that small base-pair insertions cause severe binding and/or
cleavage defects due to their effects on helical geometry and
substrate positioning. These findings reveal how Csy4
employs a unique set of molecular interactions to achieve
highly specific selection of its pre-crRNA substrate while
discriminating against similar, noncognate stem–loop
structures.

RESULTS

Csy4 binds the crRNA repeat stem–loop with high
affinity and functions as a single-turnover catalyst

Csy4 is a specialized ribonuclease that selects CRISPR
transcripts from the cellular milieu for binding and cleavage.
To determine the basis for this selectivity, we first examined
the thermodynamic stability of the Csy4:RNA complex and
the energetic contributions of protein:RNA interactions
observed crystallographically (Fig. 1B). Using modified RNA
substrates and/or Csy4 mutants, equilibrium dissociation
constants (Kd) were measured using electrophoretic mobility
shift assays (EMSA). The RNA substrates we tested derive
from the invariant 28-nt repeat sequence found within pre-
crRNAs generated from P. aeruginosa strain UCBPP-PA14
CRISPR locus 2 (Grissa et al. 2007), herein referred to as the
crRNA repeat (Fig. 1A). We used the catalytically inactive
Csy4-H29A mutant (Haurwitz et al. 2010) for experiments
focused on analyzing the effects of changes to the RNA
substrate, enabling investigation of RNA binding indepen-
dent of cleavage. Wild-type (WT) Csy4 and Csy4-H29A bind
a noncleavable RNA substrate with affinities that are within
threefold of each other (Supplemental Fig. 1A).

Strikingly, Csy4 binds the full-length, WT-crRNA repeat
substrate with extremely high affinity, characterized by an
equilibrium dissociation constant of z50 pM (Fig. 1C;
Supplemental Table 1). Because Csy4 and the mature crRNA
form part of the large Csy ribonucleoprotein complex
responsible for target recognition (Wiedenheft et al.
2011a), we wondered whether Csy4 also retains high-affinity
binding to the cleaved crRNA. Using a synthetic RNA cor-
responding to the 59 product stem–loop structure, we found

that Csy4 binds this RNA indistinguishably from the sub-
strate (Fig. 1C). Thus, all protein:RNA interactions contrib-
uting favorably to binding energy occur upstream of the
scissile phosphate. Analysis of substrates truncated in the 59

ssRNA region allowed us to further demonstrate that nucle-
otides 1–4 of the crRNA repeat are completely dispensable for
binding (Supplemental Fig. 2A), indicating that the high-
affinity interaction we observe requires only the 15-nt stem–
loop and one upstream nucleotide. We observed binding
defects when A5 was mutated, suggesting that it might be
specifically recognized. Indeed, a crystal structure of a Csy4:
product RNA complex containing nucleotides 2–20 of the
crRNA repeat sequence revealed base-specific hydrogen
bonds between the Watson-Crick face of A5 and the peptide
backbone of Leu139 (Supplemental Fig. 2B; RE Haurwitz,
SH Sternberg, and JA Doudna, in prep.).

Considering the retention of Csy4 and crRNA in the Csy
complex (Wiedenheft et al. 2011a), we speculated that tight
association of Csy4 with its product may be an intrinsic
mechanistic feature of Csy4 during crRNA biogenesis in
type I-F CRISPR systems. To test this hypothesis, we carried
out cleavage assays at a range of enzyme:substrate molar
ratios and monitored both the rate and yield of product
formation. As seen in Figure 1D, Csy4 completely lacks the
ability to engage in multiple-turnover catalysis. The overall
yield of the cleavage reaction remained directly proportional
to the Csy4 concentration when present in sub-stoichiomet-
ric amounts relative to substrate, even with incubation times
>200-fold longer than the reaction time constant. All time
courses fit well to a single exponential decay and yielded
uniform, first-order observed rate constants (kobs; Supple-
mental Table 1), which would only be the case in the absence
of multiple-turnover behavior under conditions where the
on-rate is not rate-limiting. These observations indicate that
Csy4 remains product-bound after the reaction and is
thereby strongly inhibited from performing additional
rounds of RNA cleavage. Interestingly, crRNA repeat cleav-
age reached only 50% completion at an enzyme:substrate
molar ratio of 1:1. A recent study used a two-hybrid system
to demonstrate that Csy4 can interact with itself, but this
result could not be repeated for all fusion constructs
(Przybilski et al. 2011). While we cannot formally exclude
the possibility that Csy4 might function as a dimer with one
inactive subunit, our gel filtration experiments are con-
sistent with purified Csy4 existing as a monomer (data not
shown). Therefore, we speculate that the incomplete cleav-
age we observe reflects partial specific activity of purified
WT-Csy4.

Protein determinants of high-affinity crRNA repeat
binding and cleavage

The high-affinity interaction between Csy4 and the crRNA
repeat substrate is tighter than many protein:RNA complexes
studied to date. We were therefore interested in gaining
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a detailed understanding of the primary sources of binding
energy, as informed by interactions identified from our
crystal structure. We began by focusing on the bottom of
the RNA stem, where the side-chains of Arg102 and
Gln104 are each involved in two sequence-specific hydro-
gen bonds with the major groove faces of G20 and A19,
respectively. Using a synthetic, noncleavable substrate that is
bound indistinguishably from the WT-crRNA repeat
(Supplemental Fig. 1B), EMSAs with Csy4-R102A and
Csy4-Q104A mutants revealed that the binding energies
contributed by these amino acids are quite distinct. The
crRNA repeat binds >2000-fold more weakly to Csy4-
R102A, representing a DDG of 4.6 kcal/mol, whereas RNA
binding by Csy4-Q104A is destabilized by only 1.4 kcal/
mol relative to WT (Fig. 2A; Supplemental Table 2). This
difference may be explained in part by the expected +1
charge on the arginine’s guanidinium group at physio-
logical pH. Whereas deletion of an uncharged hydrogen
bond typically weakens binding between enzyme and sub-
strate by 0.5–1.8 kcal/mol, charged hydrogen bonds generally
contribute some 3–6 kcal/mol binding energy (Fersht 1987),
in good agreement with our data.

In addition to its interaction with Arg102, G20 of the
crRNA repeat stacks onto the aromatic side-chain of Phe155.
Stacking interactions between aromatic amino acids and
nucleotides can contribute up to 5.5 kcal/mol of binding
energy (Nolan et al. 1999; Auweter et al. 2006), but we
were surprised to observe a negligible 1.5-fold binding
defect (DDG = 0.2 kcal/mol) with a Csy4-F155A mutant
(Fig. 2A). Given the pre-crRNA processing defects we
observed previously with Csy4-F155A (Haurwitz et al.
2010), these data suggest that Phe155 instead plays a role

in achieving rapid cleavage kinetics. Indeed, under single-
turnover conditions with saturating enzyme concentrations
(see Materials and Methods), the F155A mutant led to an
z50-fold reduction in the observed cleavage rate constant
(Fig. 2B). Csy4-R102A also exhibited an z20-fold defect in
cleavage kinetics, whereas the rate of cleavage by Csy4-
Q104A was within 2.5-fold of WT (Fig. 2B). Collectively,
these data suggest that, independent of their effects on
binding energy, Phe155 and Arg102 are important for
anchoring the G20 guanine in the active site and may thereby
assist in positioning the ribose for subsequent activation of its
29-OH nucleophile.

Moving up the crRNA repeat stem, we next focused on
interactions observed in the crystal structure between the
RNA and residues found in the a-helix that inserts into
the major groove of the double-stranded stem (Fig. 1B).
The guanidinium groups of Arg114, Arg115, Arg118, and
Arg119 each present $2 hydrogen-bond donors within 3
Å of acceptors in the RNA phosphate backbone, yet their
contributions to overall binding energy differ widely, as
assessed through double R/A mutations. In particular,
Arg114 and Arg118, which contact adjacent phosphates,
contribute only 0.7 kcal/mol of binding energy, whereas
alanine mutations at Arg115 and Arg119 led to a >15,000-
fold binding defect (DDG = 5.8 kcal/mol) (Fig. 2A).
While all four residues are positioned to act as arginine
forks, in that each side-chain contacts adjacent phos-
phates (Calnan et al. 1991), only Arg115 and Arg119 may
simultaneously utilize all three nitrogen atoms of the
guanidinium group as hydrogen bond donors. Arg115
hydrogen bonds to two phosphates in addition to the
major groove face of G11, which forms part of the

G�A sheared base pair at the bottom
of the GUAUA pentaloop, and Arg119
is situated in a unique pocket of the
loop where it interacts with phos-
phates separated by two nucleotides.
His120 also interacts with a phosphate
at the apex of the loop and contributes
0.8 kcal/mol of binding energy (Fig.
2A). The specific network of multi-
dentate contacts between the arginine-
rich helix and the RNA stem–loop
suggests that high-affinity binding to
the crRNA repeat is highly shape-spe-
cific, especially with regard to the
tertiary structure of the loop. The large
magnitude of the binding energy con-
tributed by this protein helix enables
Csy4 to maintain a tight grip on the
substrate and product, but this inter-
action is not required for catalytic activity.
Cleavage rates for the H120A and R/A
mutants under saturating conditions were
within fivefold of WT-Csy4 (Fig. 2B).

FIGURE 2. Amino acid contributions to binding energy and cleavage kinetics. (A) Csy4
residues involved in base-pair recognition and phosphate backbone contacts were mutated to
alanine in order to assess their energetic contributions to binding. EMSAs were performed with
a noncleavable crRNA repeat substrate containing a deoxyribonucleotide substitution at G20,
and binding defects relative to Csy4-H29A were determined and converted to DDG values (T =
298 K). Plotted are the average and SEM from at least three independent experiments. (B) First-
order rate constants (kobs) for WT-crRNA repeat cleavage by each Csy4 mutant were determined.
Cleavage data for R118A/R115A and R115A/R119A mutants showed biphasic kinetics and were
fit with a double exponential decay to yield two rate constants (Supplemental Table 2), the faster
of which is shown. Plotted are the average fold defects (relative to WT-Csy4) and SEM from
three independent experiments. Average Kd, kobs, and SEM values are reported in Supplemental
Table 2.
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High-affinity crRNA repeat binding is sensitive
to the loop structure

The direction of CRISPR loci transcription in P. aeruginosa
has not been directly analyzed, and a recent report that
detected mature crRNAs by Northern blot analysis used
dsDNA probes that were not strand-specific (Cady and
O’Toole 2011). Transcription in a direction opposite to
that of our own predictions would generate pre-crRNAs
containing the reverse complement of the crRNA repeat
sequence. To determine whether Csy4 also recognizes and
cleaves this potential substrate, we generated the reverse
complement crRNA (rc-crRNA) repeat by in vitro tran-
scription and tested its affinity for Csy4-H29A. We found
that the rc-crRNA repeat binds Csy4 >105-fold more weakly
than the WT-crRNA repeat (Fig. 3A) and is cleaved >750-
fold more slowly (Supplemental Fig. 3A), strongly suggesting
that the genuine Csy4 substrate in vivo is pre-crRNA tran-
scribed in an orientation consistent with our previous work
(Haurwitz et al. 2010). Northern blot analysis using single-
stranded probes indeed confirmed the presence of crRNAs
in P. aeruginosa UCBPP-PA14 with the repeat sequence we
define in Figure 1A, but failed to detect transcripts from the
opposite strand (Supplemental Fig. 4).

When comparing the two RNA sequences, the rc-crRNA
repeat contains the identical five-base-pair stem sequence
as the WT-crRNA repeat but with an additional predicted
G–U wobble base pair below and different loop and flanking
ssRNA sequences, indicating that one or more of these
regions are specifically recognized by Csy4. Having already
demonstrated the negligible binding defects resulting from
deletion of flanking ssRNA nucleotides, we suspected that
destabilized binding of the rc-crRNA repeat resulted pri-
marily from the inability of Csy4 to interact productively
with the UAUAC loop sequence and/or the unique tertiary
structure it would impose on the RNA substrate. The

GUAUA loop encoded by CRISPR locus 2 in P. aeruginosa
UCBPP-PA14 forms a GNR(N)A pentaloop structure
(Legault et al. 1998), in which U14 flips out of the loop
to enable a GNRA tetraloop fold that involves sequential
stacking of U12, A13, and A15 on the 39 strand of the stem
(Haurwitz et al. 2010). The CRISPR 3 locus encodes a
GUGUA loop in the repeat sequence that is predicted to
form the same pentaloop structure, and this crRNA struc-
ture is bound and cleaved indistinguishably from the sub-
strate with a GUAUA loop (Supplemental Fig. 5). We hy-
pothesized that Csy4 specifically recognizes this loop motif,
and that other loop sequences unable to conform to a GNRA
tetraloop fold would bind much more weakly.

To test this, we generated a panel of RNA substrates
containing mutated loop sequences and tested their affinity
for Csy4-H29A. In agreement with our hypothesis, Csy4
bound to each RNA at least 7000-fold more weakly than
WT (Fig. 3B). Even a nicked RNA substrate formed from
two oligonucleotides annealed in trans interacted more
favorably with Csy4 than those containing a non-GNRA-
like loop (Fig. 3B; Supplemental Fig. 6). These experiments
confirm that high-affinity Csy4 binding relies in part on
a precise substrate tertiary structure in the loop region,
independently of base-specific contacts, and that the absence
of a loop altogether is less detrimental to binding than the
presence of a nonnative loop. It is interesting to note that,
despite their weakened binding, RNAs with mutated loops
were cleaved at rates within 2.5-fold of the WT-crRNA repeat
at saturating Csy4 concentrations (Supplemental Fig. 3B).
This was true even for a substrate containing the same loop
(UAUAC) as the rc-crRNA repeat, which had a >750-fold
defect in kobs. Since the stacking interaction between the
terminal C–G base pair and the aromatic side chain of
Phe155 is important for cleavage (Fig. 2B), we suspected
that the additional base pair below the WT stem in the rc-
crRNA repeat might impede Csy4 activity (see below).

Specificity within the crRNA repeat
stem sequence during binding
and cleavage

We were particularly interested in in-
vestigating the ability of Csy4 to dis-
criminate between substrates containing
the cognate five base pairs in the stem
and those with similar but noncognate
sequences. We therefore made all in-
dividual Watson-Crick base-pair sub-
stitutions at each position in the dou-
ble-stranded stem and determined the
energetic costs associated with binding
each mutant RNA substrate relative to
the WT-crRNA repeat using EMSAs
(Fig. 4A). The data reveal that base-pair
changes throughout the stem result in

FIGURE 3. Importance of loop sequence for high-affinity RNA binding. (A) EMSAs
demonstrate that Csy4 binds the reverse complement of the crRNA repeat (rc) >105-fold
more weakly than the WT-crRNA repeat. (B) Mutant RNA substrates were generated by
changing the WT loop sequence (GUAUA) to a quintuple mutant (UAUAC), the highly stable
UUCG tetraloop, or a poly(A) pentaloop, or by removing the loop through use of a substrate
nicked between U12 and A13. EMSAs reveal substantial defects associated with binding these
mutant RNAs.
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varying degrees of Csy4:RNA complex destabilization,
ranging from 0.4 to 4.2 kcal/mol. The largest defects result
from G–C and C–G substitutions at the ultimate and
penultimate base pair, respectively, where Arg102 and
Gln104 provide a direct readout mechanism of recogni-
tion and confer similar degrees of discrimination in spite
of their unequal contributions to binding energy. To confirm
this, we repeated binding experiments with RNA substrates
containing substitutions at the bottom two base pairs using
either Csy4-R102A or Csy4-Q104A (Fig. 4A). As expected,

the overall specificity for particular
base pairs at either position is lost
when the amino acid specificity de-
terminant is absent. The Csy4:RNA
co-crystal structure did not reveal se-
quence-specific contacts with Watson-
Crick base pairs in the upper part of the
double-stranded stem (Haurwitz et al.
2010), but we observed substantial ener-
getic penalties for binding substrates with
base-pair substitutions in this region (Fig.
4A). Furthermore, the magnitude of
these binding defects was highly se-
quence-dependent; when multiple
base-pair substitutions were made in
the top three base pairs simultaneously,
binding defects ranged from seven- to
almost 5000-fold (Supplemental Fig. 7),
with the largest destabilization occur-
ring when each C–G pair was mutated
to its complement. These results reveal
that substrate sequence specificity is
mediated by Csy4 via a mechanism that
does not rely exclusively on base-spe-
cific interactions.

We next investigated whether these
specificity determinants also influence
the chemical cleavage reaction. To test
this, we conducted single-turnover cleav-
age experiments with WT-Csy4 at satu-
rating concentrations using the same
library of RNAs as in Figure 4A and
determined the first-order rate constants
for RNA cleavage (kobs) relative to WT.
In stark contrast to the observed binding
specificity, rate constants governing the
cleavage of RNA substrates with base-
pair substitutions at any position other
than the terminal position were within
fourfold of WT (Fig. 4B). However,
any mutation of the terminal C–G base
pair in the stem–loop was detrimental
for cleavage of the crRNA repeat, with
kinetic defects ranging from z100- to
7500-fold. To further dissect the im-

portance of the terminal C–G base pair, we generated
a series of RNA substrates containing mismatches at this
position by mutating either C6 or G20 independently.
Cleavage time courses with these substrates (Fig. 4C)
clearly demonstrate the importance of G20, regardless of
whether or not a base pair can form at the terminal
position. RNA substrates containing C6A or C6G muta-
tions were cleaved at rates within 40-fold of WT, whereas
mutation of G20 to either adenosine or cytosine led to
>10,000-fold defects.

FIGURE 4. Substrate specificity within the crRNA repeat stem. (A) A library of mutated
crRNA repeat substrates was generated containing all possible Watson-Crick base-pair
substitutions at each position in the double-stranded stem. EMSAs were performed with
Csy4-H29A and these RNA substrates, and the resulting binding defects relative to WT-crRNA
repeat were determined and converted to DDG values (T = 298 K). The WT stem sequence is
shown at the left, with data for base-pair substitutions at each position color-coded similarly.
Binding experiments with RNAs mutated at the bottom C–G or U–A base pair were repeated
with Csy4-R102A (middle) or Csy4-Q104A (right), respectively; DDG values were calculated
relative to WT-crRNA repeat binding by each Csy4 mutant. Shown above are chemical
structures of the interactions made by Arg102 and Gln104 with the WT base pairs. (B) Single-
turnover cleavage assays were performed with the same library of RNA mutants as in A, and
the resulting defects in kobs relative to WT-crRNA repeat were determined. The data are plotted
as in A. (C) To investigate the importance of the terminal C–G base pair during cleavage,
mismatched substrates were generated by mutating C6 or G20 individually and single-turnover
cleavage assays were performed.
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Csy4 is highly selective for stem–loops
of defined length

Having interrogated Csy4 for sequence specificity through-
out the crRNA repeat, we also wondered whether Csy4 is
sensitive to the length of the crRNA repeat stem. To test
this, we inserted one or two base pairs at the top of the
duplex region and tested these substrates for binding.
Strikingly, just one or two additional G–C base pairs led to
1600- and 49,000-fold weaker binding affinities, respec-
tively (Fig. 5A). This was particularly surprising because the
crystal structure did not immediately suggest any obvious
steric clashes that would result from insertions at the top of
the stem. However, given the large energetic contribution
of the arginine-rich helix to binding (Fig. 2C), we suspected
that additional base pairs would disrupt protein–loop
interactions and prevent stable docking of this helix into
the major groove of the double-stranded stem. A-form
dsRNA helices have deep and narrow major grooves that
are generally inaccessible to proteins (Draper 1995), but
exceptions occur in proximity to helix termini or asym-

metric bulges, where the major groove can widen consid-
erably (Weeks and Crothers 1993). We hypothesized that
base-pair insertions cause narrowing of the major groove
and thereby disrupt high-affinity interactions between the
arginine-rich helix and crRNA repeat.

To test this idea, we generated an RNA construct that
contains five G–C base pairs inserted atop the WT stem
sequence while retaining the GUAUA pentaloop. This RNA
was bound with an equilibrium dissociation constant of 4
mM (Fig. 5B), representing nearly a 105-fold defect relative
to WT. We then introduced adenosine bulges of varying
size on the 39 side of the stem, at the junction between the
WT five-base-pair stem sequence and the five G–C base-
pair insertion. These types of asymmetric bulges within
perfectly base-paired dsRNA helices have been shown pre-
viously to increase major groove accessibility progressively
as a function of bulge size, as probed using diethylpyrocar-
bonate (DEPC) reactivity (Weeks and Crothers 1993). In
excellent agreement with our hypothesis, we found that the
binding affinity of Csy4 for these bulged substrates in-
creased in concert with bulges of increasing size (Fig. 5B),

suggesting that major groove widening
enables stable docking of the arginine-
rich helix. The inability to form favor-
able protein–loop interactions likely
explains why bulged substrates are still
bound >200-fold more weakly than the
WT-crRNA repeat.

We also investigated the effects of
inserting one or two base pairs at the
bottom of the stem–loop below the
terminal C–G base pair. We observed
a range of binding defects, although
these were milder than those resulting
from insertions at the top of the stem
(Supplemental Fig. 8A). Cleavage defects
at saturating enzyme concentrations
were highly dependent on sequence:
Whereas substrates containing one or
two A–U base-pair insertions were
cleaved at rates within twofold of the
WT substrate, one or two G–C base-
pair insertions resulted in z50- and
z1500-fold lower kobs values, respec-
tively (Fig. 5C). Partial RNase T1 di-
gestions and RNA hydrolysis ladders
revealed that these RNA constructs were
cleaved above the inserted base pair(s)
and just below the WT C–G base pair
(Supplemental Fig. 8B). Thus, Csy4-cat-
alyzed cleavage likely requires prior melt-
ing of any additional secondary struc-
tures below the five-base-pair stem, such
that the WT stem is correctly positioned
in the binding pocket and the guanosine

FIGURE 5. Stem length dependence during substrate binding and cleavage. (A) One or two
G–C base pairs were inserted at the top of the stem between the closing C–G base pair and the
GUAUA pentaloop, and EMSAs were performed. (B) To test the hypothesis that longer stems
prevent stable binding of the arginine-rich helix via their effect on major groove accessibility,
a substrate was generated that contains five G–C base pairs inserted above the WT stem.
Subsequently, asymmetric adenosine bulges were inserted on the 39 side of the duplex between
the five-base-pair WT stem and the five-base-pair insertion. EMSAs reveal that binding
affinities increase monotonically (black arrow) with bulges of increasing size. (C) One or two
G–C or A–U base pairs were inserted below the terminal C–G base pair, and cleavage time
courses were performed. Additional A–U base pairs have negligible effects on kobs, whereas two
additional G–C base pairs result in z1500-fold slower kinetics.
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containing the 29-OH nucleophile can productively interact
with Arg102 and Phe155. In support of this interpretation,
A–U and U–A base pairs are thermodynamically less stable
than G–C and C–G base pairs at the termini of RNA
duplexes (Xia et al. 1998) and are likely to be more susceptible
to transient fraying (Snoussi and Leroy 2001), explaining
the large magnitude of kobs differences for these distinct
insertions.

Collectively, these data indicate that beyond sequence-
specific recognition of its crRNA repeat substrate, Csy4
is finely tuned to bind and cleave stem–loop substrates
containing just five base pairs within the dsRNA region,
through at least two distinct mechanisms. First, binding
energy contributed by the arginine-rich helix requires an
accessible major groove, which depends on the double-
stranded stem being properly spaced between interaction
sites at its base (e.g., with Arg102) and the loop sequence.
Second, rapid cleavage requires the positioning of a ter-
minal C–G base pair within the active site and prior
disruption of any additional secondary structures below.

DISCUSSION

The CRISPR-Cas adaptive immune system has evolved
a sophisticated strategy for generating large libraries of
short effector RNAs that target invasive genetic elements
for destruction. Rather than requiring each crRNA to be
individually transcribed, the repetitive CRISPR architecture
allows large precursor transcripts to be successively pro-
cessed by Cas endoribonucleases (in type I and III CRISPR
systems) that are precisely tailored for specific recognition
and cleavage of the invariant repeat sequence. Here we have
defined the various molecular strategies employed by one
such Cas enzyme—Csy4 (Cas6f) from P. aeruginosa UCBPP-
PA14—to enable an impressive degree of affinity and spe-
cificity for its crRNA repeat substrate.

The Csy4:RNA complex is characterized by an z50 pM
equilibrium dissociation constant (Kd) and requires only
a 16-nt stem–loop motif for tight binding. For comparison,
U1A protein, MS2 coat protein, and the Nl protein bind
their RNA substrates with Kd values of 50 pM, 2.6 nM, and
5 nM, respectively (van Gelder et al. 1993; LeCuyer et al.
1995; Cilley and Williamson 1997). High-energy interac-
tions are mediated almost exclusively within the major
groove of a double-stranded RNA stem–loop, a region of
A-form helices that is generally refractory to protein contacts
because of its inaccessibility. Prior work used chemical
probing to demonstrate that the termini of dsRNA contain
uncharacteristically wide major grooves (Weeks and Crothers
1993), which explains how direct readout of A19 and G20 at
their major groove edge is possible. Our data reveal that
stable binding of the arginine-rich helix further up the
stem is also highly sensitive to major groove accessibility,
and that this requirement enables up to z50,000-fold
discrimination against hairpin substrates containing slightly

longer stems. Four arginines within this a-helix are precisely
positioned to contact multiple phosphates within the RNA
backbone and adopt conformations reminiscent of the
arginine fork first described for HIV-1 Tat protein by
Frankel and colleagues (Calnan et al. 1991). This mode of
multi-dentate interaction requires precise interatomic P–P
distances, indicating that the network of hydrogen bonds
formed by the arginine-rich helix depends on a very specific
substrate conformation. Indeed, changes to the loop se-
quence or to the identity of base pairs in the upper part of
the stem result in substantial binding defects, despite the
general lack of base-specific contacts in this region. Substrate
selection thus proceeds in large part via an indirect readout
mechanism, whereby a particular RNA tertiary structure is
recognized that is contingent on both primary sequence and
the distinct helical geometry it imposes. Similar modes of
substrate recognition have been described for a number of
dsDNA-binding proteins (Otwinowski et al. 1988; Rohs et al.
2009).

Csy4 retains the same tight binding for both its substrate
and product, and functions as a single-turnover catalyst
due to potent product inhibition. These data strongly
suggest that crRNA biogenesis in P. aeruginosa UCBPP-
PA14 requires stoichiometric amounts of the processing
endoribonuclease. Cleavage of the crRNA repeat substrate
depends critically on the presence of a guanosine upstream
of the scissile phosphate, independently of whether or not
this nucleotide is base-paired, and is inhibited when addi-
tional secondary structure forms below the five-base-pair
stem. The kobs defects we observed with Csy4-R102A and
Csy4-F155A mutants indicate that the G20 base must be
tightly locked in place within the enzyme active site in order
to rapidly achieve chemical activation of the ribosyl 29-OH.
Other critical active site residues (Tyr176 and Ser148) have
also been implicated in properly positioning the G20 ribose
in an orientation that is compatible with nucleophilic attack
on the downstream phosphodiester bond (RE Haurwitz, SH
Sternberg, and JA Doudna, in prep.).

We recently reported that, together with six copies of
Csy3 and single copies of both Csy1 and Csy2, Csy4 and
the mature crRNA assemble into a large ribonucleoprotein
complex (Csy complex) that is responsible for target recog-
nition during the interference stage of the CRISPR pathway
(Wiedenheft et al. 2011a). Our data are consistent with a
model where the Csy4-bound crRNA serves as a nucleation
point for assembling the remainder of the complex, which
does not form independently of RNA (Wiedenheft et al.
2011a). Interestingly, Cse3 (Cas6e), the CRISPR-specific
endoribonuclease from type I-E CRISPR systems, also acts
as a single-turnover enzyme (Sashital et al. 2011) and
forms part of the downstream target recognition effector
complex (Cascade) (Brouns et al. 2008; Jore et al. 2011;
Wiedenheft et al. 2011b). It is tempting to speculate that
these related enzymes evolved to react stoichiometrically
during pre-crRNA cleavage in order to ensure that the

Sternberg et al.

668 RNA, Vol. 18, No. 4

 Cold Spring Harbor Laboratory Press on November 20, 2024 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


mature crRNA is not prematurely released into the cytoplasm
but instead remains tightly sequestered by the Cas machinery.
While this mechanistic feature may be intrinsic to certain
Cas6 family members, it is not generalizable. Cas6 in type
III-B CRISPR systems is not a component of the downstream
effector complex (Cmr complex) (Hale et al. 2009), and Cas6
from type I-A CRISPR systems remains only loosely associ-
ated with the downstream effector complex (archaeal Cas-
cade) (Lintner et al. 2011). Intriguingly, these differences
correlate with the thermodynamic stability of hairpin struc-
tures encoded by CRISPR repeats typical of each subtype;
repeats clustered based on sequence similarity that associate
with type I-E and type I-F CRISPR systems encode highly
stable RNA secondary structures, whereas those that associate
with type I-A and type III-B systems encode RNAs predicted
to be unstructured (Kunin et al. 2007).

CRISPR-specific endoribonucleases are unusual in that
their biological function involves cleavage of a single, in-
variant substrate. As such, these enzymes have likely co-
evolved with their target crRNA repeats to retain a high
degree of substrate specificity, which serves to avoid spurious
binding and/or cleavage of noncognate RNAs inside the cell.
The work presented here highlights the diverse molecular
strategies exploited by P. aeruginosa Csy4 (Cas6f) to
generate this selectivity while maintaining an extremely
high-affinity interaction with its ligand. The potential
benefits of these attributes for molecular biology applica-
tions will be exciting to explore further. Finally, future
work will be needed to determine whether the underlying
principles of RNA stem–loop recognition exhibited by
Csy4 are conserved among other Cas6 family members.

MATERIALS AND METHODS

Protein expression and purification

R102A, Q104A, F155A, and H29A Csy4 mutants were purified as
described (Haurwitz et al. 2010). R114A/R118A, R118A/R115A,
R115A/R119A, and H120A Csy4 mutants were generated using
site-directed mutagenesis and purified essentially as described
previously (Haurwitz et al. 2010), with the following exceptions.
Protein genes encoded by the pHGWA vector (Busso et al. 2005)
were overexpressed in BL21(DE3) cells. Following the second Ni-
NTA affinity purification step, Csy4 mutants were purified by size
exclusion chromatography using a single Superdex 75 (16/60)
column (GE Healthcare) in 100 mM HEPES (pHRT 7.5), 500 mM
KCl, 5% glycerol, 1 mM TCEP. Proteins were then concentrated
and buffer-exchanged into 100 mM HEPES (pHRT 7.5), 150 mM
KCl, 5% glycerol, 1 mM TCEP; snap-frozen in liquid nitrogen;
and stored at �80°C.

Northern blot analysis

Total RNA was extracted from cultures of P. aeruginosa PAO1,
P. aeruginosa UCBPP-PA14, and a csy4 deletion strain of P.
aeruginosa UCBPP-PA14 (SMC3894) (Zegans et al. 2009) grown
to exponential phase using the mirVana kit (Ambion). Duplicate

samples of each RNA preparation (6 mg) were separated on adjacent
lanes of a 15% denaturing polyacrylamide gel and subsequently
transferred to a nylon membrane (Hybond-N+, GE Healthcare)
using a semi-dry transfer cell (Bio-Rad). The single membrane was
then cut in half to yield two membranes with identical samples. The
membranes were pretreated with ULTRAHyb-Oligo Hybridization
Buffer (Ambion) and probed with 59-[32P]-radiolabeled DNA ol-
igonucleotides corresponding to either the crRNA repeat sequence
(59-GTTCACTGCCGTATAGGCAGCTAAGAAA-39) or the reverse
complement of the crRNA repeat (59-TTTCTTAGCTGCCTAT
ACGGCAGTGAAC-39). Membranes were washed twice with 23

saline-sodium citrate (SSC) buffer containing 0.5% SDS and
visualized by phosphorimaging.

RNA transcription, purification, and 59 radiolabeling

The following RNAs were synthesized by Integrated DNA Technol-
ogies: the noncleavable substrate, product RNA (D21–28), 59

truncation constructs (D1–5, D1–4), the 59-strand (nucleotides
1–12) and 39-strand (nucleotides 13–28) used to generate the nicked
substrate, the G20A mismatched substrate, and three substrates
containing base-pair substitutions at the bottom of the stem
(C6U/G20A, C6G/G20C, U7A/A19U). All other RNAs were tran-
scribed in vitro using T7 polymerase and purified using denaturat-
ing polyacrylamide gel electrophoresis, according to the following
protocol. Synthetic single-stranded DNA templates (Integrated DNA
Technologies) containing the reverse complement of the desired
crRNA repeat construct were annealed to a 1.5-fold molar excess of
an oligonucleotide corresponding to the T7 promoter sequence (59-T
AATACGACTCACTATA-39). Templates encoded an extra guano-
sine at the 59 end of all constructs in order to ensure optimal tran-
scription by T7 polymerase. This had no effect on binding affinities
but did lead to a slight (z20%) increase in kobs for cleavage of the
WT-crRNA repeat substrate. Transcription reactions (100 mL) were
incubated at 37°C for 3–5 h and contained 1 mM template DNA,
100 mg/mL T7 polymerase, 1 mg/mL pyrophosphatase (Roche), 5
mM NTPs, 30 mM Tris-Cl (pHRT 8.1), 25 mM MgCl2, 10 mM
dithiothreitol (DTT), 2 mM spermidine, and 0.01% Triton X-100.
Reactions were then treated with 5 units of DNase (Promega) and
incubated for an additional 30 min at 37°C before being loaded on
a 15% urea-polyacrylamide gel. RNAs were excised from the gel and
eluted into DEPC H2O overnight at 4°C. 59 triphosphates were
removed by incubating RNAs at 37°C for 1 h with 10 units of calf
intestinal phosphate (New England Biolabs) in 13 NEBuffer 3,
followed by phenol-chloroform extraction and ethanol precipita-
tion. RNAs were resuspended in DEPC H2O and stored at �20°C.

For biochemical experiments, 10 pmol RNA were 59-radio-
labeled by incubating with 5 units T4 polynucleotide kinase (New
England Biolabs) and z3–6 pmol (z20–40 mCi) [g-32P]-ATP
(Promega) in 13 T4 polynucleotide kinase reaction buffer at 37°C
for 30 min, in a 25 mL reaction. After heat inactivation (65°C for 20
min), reactions were spun through an illustra MicroSpin G-25
column (GE Healthcare) to remove ATP. Radiolabeled RNAs were
diluted to z100 nM stock concentrations with DEPC H2O and
stored at �20°C.

Electrophoretic mobility shift assays

Protein concentrations were determined by taking multiple
absorbance spectra using a NanoDrop spectrophotometer (Thermo
Scientific), averaging A280nm values and converting to molar
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concentrations using the calculated Csy4 extinction coefficient
(15,470 M�1 cm�1). Spectra were also recorded under denatur-
ing conditions (6 M guanidine hydrochloride, 20 mM potassium
phosphate buffer, pH 6.5), and absorbance values were within
error of those taken under native conditions. Binding experi-
ments were conducted in the following buffer: 20 mM HEPES
(pHRT 7.5), 100 mM KCl, 5% glycerol, 0.01% Igepal-630, 1 mM
DTT, and 0.1 mg/mL yeast tRNA (Sigma-Aldrich) to prevent
nonspecific binding. After diluting concentrated 59-[32P]-labeled
RNA and Csy4 stock solutions into 13 binding buffer, trace
amounts of RNA (#0.05–0.2 nM, depending on construct and
specific activity) were incubated with increasing concentrations
of Csy4 in a 15 mL reaction at room temperature (z24°C) for one
hour. Twelve microliters of each reaction were then loaded on
a 10% native polyacrylamide gel containing 0.53 TBE buffer and
resolved by running at 12 W for 90–120 min at 4°C in 0.53 TBE
running buffer. Phosphor screens were exposed to dried gels and
scanned with a Storm imager (GE Healthcare), and the intensities
of unbound and Csy4-bound RNA were quantified using Image-
Quant (GE Healthcare). The fraction of RNA bound at each Csy4
concentration was plotted as a function of Csy4 concentration, and
binding data were fit with a standard binding isotherm using
Kaleidagraph (Synergy Software), according to the equation:

fraction bound ¼ A 3 ½Csy4�4 ðKd þ ½Csy4�Þ;

where A is the amplitude of the binding curve.
Binding experiments with the substrate nicked between U12 and

A13 contained z1 nM radiolabeled 39-strand (nucleotides 13–28)
and a 1000-fold excess (1 mM) of cold 59-strand (nucleotides 1–12).
For experiments with Kd values in the low pM range, binding data
were also fit with the solution of a quadratic equation describing
a bimolecular dissociation reaction, as described previously (Maag
and Lorsch 2003), out of concern that [RNA] in these experiments
was not sufficiently below the Kd to approximate [Csy4]total =
[Csy4]free. This analysis returned values that agreed well with equi-
librium dissociation constants determined from the standard
binding isotherm equation, so these original values are reported.
When fitting binding data with the rc-crRNA repeat, the amplitude
was set equal to one because saturation could not be reached.
Binding data with the RNA substrate containing a five G–C base-
pair insertion showed apparent cooperativity and were fit with
a modified binding equation using a variable Hill coefficient (n �
1.5) and an amplitude fixed at one.

At least one binding experiment for each RNA or Csy4 mutant
titrated Csy4 across a concentration range of three orders of mag-
nitude centered around the Kd. Additional replicates typically tested
five concentration points centered around the Kd and returned
values in excellent agreement with those derived from a more com-
plete titration. Kd values presented in the text and in Supplemental
Tables 1 and 2 represent the average and standard error of the mean
from at least three independent experiments. The average percent
error for all reported Kd values is 10%. DDG values for Csy4 or RNA
mutants were calculated according to the equation:

DDG ¼ �RTlnðKd;WT=Kd;mutantÞ;

where R is the gas constant, T is temperature (set to 298 K), and
Kd,WT/Kd,mutant is the ratio of Kd values for the WT and mutant
construct.

RNA cleavage assays

Cleavage assays were conducted at room temperature (z24°C) in
the following buffer: 20 mM HEPES, 100 mM KCl, 1 mM DTT at
pHRT 7.5. Single-turnover cleavage experiments were 55 mL in
volume and contained 0.5 nM 59-[32P]-labeled RNA and a satu-
rating concentration of Csy4 (typically 500 nM). At each desired
time point, a 10 mL aliquot was removed and quenched by mixing
it with 50 mL phenol:chloroform:isoamyl alcohol 25:24:1 at pH 8.0
(Sigma-Aldrich). The aqueous layer was mixed with an equal
volume of formamide loading dye, heated to z80°C for z2 min,
and separated on a 15% urea-polyacrylamide gel in 0.53 TBE
running buffer. RNA was visualized by phosphorimaging, and the
intensities of uncleaved and cleaved RNA were quantified using
ImageQuant (GE Healthcare). The fraction of RNA cleaved at
each time point was plotted as a function of time, and these data
were fit with a single exponential decay curve using Kaleidagraph
(Synergy Software), according to the equation:

fraction cleaved ¼ A 3 ð1� expð�k 3 tÞÞ;

where A is the amplitude of the curve, k is the first-order rate
constant, and t is time. In order to avoid overestimating k in cases
where the RNA was not quantitatively cleaved, the amplitude was
fixed at one when fitting cleavage data for the substrate containing
a G–C substitution at the bottom base pair, G20A and G20C
mismatch mutants, and for the substrate with two G–C base pairs
inserted below the stem–loop. Cleavage of the WT-crRNA repeat
by Csy4-R118A/R115A and Csy4-R115A/R119A revealed biphasic
kinetics, and the data were fit to a double exponential decay. The
slower kinetic process may reflect a rate-limiting conformational
change. Both rate constants are reported in Supplemental Table 2.

To ensure that Csy4 concentrations were saturating and that
the on-rate for Csy4:RNA binding was not rate-limiting, cleavage
experiments were repeated at fivefold higher enzyme concentra-
tions and analyzed similarly. This analysis frequently returned
slightly larger rate constants for RNAs with fast cleavage kinetics,
which we attribute to slower quenching rates in the presence of
more enzyme. Overall, rate constants for these experiments were
generally within z30% of those measured at the lower enzyme
concentration. The precise nature of the rate-limiting step in our
single-turnover cleavage assays is not known, and so first-order
rate constants are reported as kobs. kobs values presented in the text
and in Supplemental Tables 1 and 2 represent the average and
standard error of the mean from three independent experiments.
The average percent error for all reported kobs values is 4%.

Cleavage experiments with WT-Csy4 and WT-crRNA repeat at
variable molar ratios (Fig. 1D) were conducted at a constant RNA
concentration of 10 nM (0.25 nM 59-radiolabeled RNA, 9.75 nM
unlabeled RNA) and varying Csy4 concentrations (40, 20, 10, 5,
2.5 nM) in a final volume of 88 mL. Ten-microliter aliquots were
removed and quenched at 0.25, 0.5, 1, 2, 5, 10, 30, and 60 min,
and analyzed as described above. In determining the concentra-
tion of unlabeled RNA, hypochromicity of the stem–loop was
corrected for by first hydrolyzing the RNA to nucleotides by
incubating in 3 M NaOH at 50°C for one hour. Then, absorbance
spectra were recorded using a NanoDrop spectrophotometer
(Thermo Scientific), and A260nm values were averaged and con-
verted to molar concentrations using the calculated extinction
coefficient (295,900 M�1 cm�1). The 50% yield observed at an
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enzyme:substrate molar ratio of 1:1 may reflect Csy4 dimeriza-
tion (Przybilski et al. 2011) or partial specific activity of purified
WT-Csy4.

SUPPLEMENTAL MATERIAL

Supplemental material contains two tables and eight figures.
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