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Abstract: The mitochondrial genome of the nematode Romanomermis culicivoragncodes for
miniaturized hairpin-like tRNA molecules that lack D- as well as T-arms, strongly deviating from
the consensus cloverleaf. The single tRNA nucleotidyltransferase of this organism is fully active on
armless tRNAs, while the human counterpart is not able to add a complete CCA-end. Transplanting
single regions of the Romanomermisnzyme into the human counterpart, we identi ed a beta-turn
element of the catalytic core that—when inserted into the human enzyme—confers full CCA-adding
activity on armless tRNAs. This region, originally identi ed to position the 3  %end of the tRNA
primer in the catalytic core, dramatically increases the enzyme's substrate a nity. While conventional
tRNA substrates bind to the enzyme by interactions with the T-arm, this is not possible in the case of
armless tRNAs, and the strong contribution of the beta-turn compensates for an otherwise too weak
interaction required for the addition of a complete CCA-terminus. This compensation demonstrates
the remarkable evolutionary plasticity of the catalytic core elements of this enzyme to adapt to
unconventional tRNA substrates.

Keywords: CCA-adding enzyme; co-evolution; evolutionary plasticity; minimalized armless tRNAs;
tRNA nucleotidyltransferase

1. Introduction

tRNAs are the essential adaptor molecules which enable the decoding of the nucleic acid code
into the amino acid sequence during the translational process [ 1]. To ful Il this function, they need to
undergo several maturation steps and interact with the translational machinery [ 2-5]. In eukaryotes,
this also includes the corresponding enzymes and proteins of mitochondria and chloroplasts [ 6,7].
For the e cient recognition by a wide range of processing enzymes, translation factors as well as
ribosomes, tRNAs fold into a conserved cloverleaf-like secondary structure consisting of acceptor
stem, anticodon arm as well as D- and T-arm that adopts an equally conserved three-dimensional
L-shape [8-10]. The 3%terminal CCA-triplet of the acceptor stem is a prerequisite for aminoacylation
and the correct positioning of the charged tRNA in the ribosome [ 11,17]. In eukaryotes, this triplet is not
genomically encoded but is added post-transcriptionally by tRNA nucleotidyltransferase (CCA-adding
enzyme) [13-15].

Int. J. Mol. Sci.202Q 21, 9047; doi:10.3390jms21239047 www.mdpi.com/journal /ijms
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tRNA nucleotidyltransferases represent essential enzymes and are ubiquitously found in all
domains of life. Representing members of the polymerase superfamily, they split up into two
classes, based on the composition of their catalytic core [L6]. Archaeal CCA-adding enzymes represent
class I, while their bacterial and eukaryotic counterparts belong to class Il [ 16]. The overall sequence
identity among both tRNA nucleotidyltransferase classes is rather low, although they catalyze the
same reaction [17]. The catalytic core motif common in both classes consists of two aspartate residues
DxD (x, any amino acid) that coordinate the catalytically important metal ions [ 18-20]. In class Il
enzymes, the DxD sequence belongs to motif A, one of the ve conserved motifs A to E located in the
N-terminal part of this tRNA nucleotidyltransferase type (Figure 1) [ 21]. Motif A binds two Mg 2* ions
required for nucleotide transfer onto the tRNA substrate via the general two metal ion mechanism
of polymerases [19]. Motif B is involved in ribose binding [ 21], while motif C is a exible element
which coordinates interdomain movements, contributing to the proper orientation of the substrates
within the active center [ 22,23]. Motif D represents an amino acid-based template, where arginine and
aspartate residues form Watson—Crick-like hydrogen bonds with the incoming nucleotides, and their
orientation in the catalytic core determines the speci city for CTP or ATP, respectively [ 21]. Lastly,
motif E stabilizes a helix-turn structure in motif D and is discussed to interact with the tRNA primer
strand in the catalytic core [21,24].

Figure 1. Sequence alignment of CCA-adding enzymes from Homo sapiens, Romanomermis culicivorax,
Caenorhabditis elegarsnd Ascaris suum Light blue positions indicate identical residues. The predicted
mitochondrial import signals for H. sapienaCCA (HsaCCA) and the R. culicivoraxCCA-adding enzyme
(RcuCCA) (grey bars, import probability is given in brackets) are shown in brackets and were
excluded from the cloned open reading frames. Catalytically important elements are labeled in red.
Fusion position of reciprocal chimeras A and B are indicated by a green arrowhead. Fusion positions

of chimera E ( -turn element) are indicated by red arrowheads (K /161-EV90). Mutations K74N and
K89D/V90E introduced in RcuCCA and N74K and K89ins/E9QV in HsaCCA are indicated in red.

Another catalytically important region is a exible loop consisting of 10-20 amino acids that

is located immediately upstream of motif B. While it is not conserved at the sequence level [ 25,
its interaction with the amino acid template of motif D is required for the speci city switch from

C to A incorporation, where it acts as a lever to accommodate the ATP in the nucleotide binding
pocket [22,26]. Between motif A and the exible loop, a  -turn element was identi ed that is also
involved in A-addition, as it binds and positions the priming 3 %end of the growing CCA terminus in the
catalytic core [22]. Similar -turn regions are presentin many di erent polymerases, ranging from both
classes of tRNA nucleotidyltransferases to poly(A) polymerases and DNA polymerases, underscoring
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the catalytically important function of this element [ 27-3(]. For a structural view of the reaction
mechanism, we refer to Tomita and Yamashita, 2014 [31].

All these conserved motifs build up the active site in the N-terminal part of the enzyme.
The C-terminus, in contrast, is much less conserved. Yet, it is of functional importance, as it is involved
in tRNA binding, where it anchors the T Y C loop of the L-shaped tRNA substrate during nucleotide
addition [ 24,32-35]. Correspondingly, arti cial CCA-adding substrates like mini- or microhelices are
recognized and accepted for CCA incorporation at a much lower e  ciency [36,37]. Yet, metazoan
mitochondria carry tRNA molecules that deviate from the cloverleaf structure, lacking either the D-
or the T-arm [38-40]. As an example, the mammalian mt-tRNA S€(AGY) lacks the complete D-arm,
so that D- and T-arm interactions do not exist [ 41,42]. In the mitochondrial genomes of nematodes,
acari and arachnids, this situation comes to an extreme. These genomes are rich in genes for tRNAs
that lack either the D- or the T-arm or even both [ 38,43-46]. In the mermithid Romanomermis culicivorax
mt-tRNA molecules with the most dramatic truncations were identi ed, resulting in miniaturized
hairpin-like tRNAs with a length of down to 45 nts, in contrast to the standard average tRNA size of
76 nts [47,48]. Such extremely truncated tRNAs fold into a three-dimensional boomerang-like shape
that deviates from the consensus L-form [47]. Yet, these organisms encode for a single CCA-adding
enzyme that has to act on both cytosolic as well as mitochondrial tRNA pools [ 49-53], and it was
shown for the corresponding enzyme of Caenorhabditis elegatisat it recognizes mt-tRNAs lacking D- or
T-arm [52]. Since in R. culicivoraxnine mt-tRNAs lack both arms, representing the strongest deviation
from the consensus structure [45], we investigated the co-evolution and substrate adaptation of its
CCA-adding enzyme. In a comparative analysis, we identi edthe  -turn element as a major adaptation
to the hairpin-like tRNA substrates. This adaptation is based on an increased substrate a nity of the
enzyme. Hence, while the conventional substrate binding based on interactions between the enzyme's
C-terminus and the T Y C loop/T-arm is not possible with such tRNA hairpins, adi  erent part of the
enzyme took over this function to assure a su ciently strong substrate binding for CCA-addition,
demonstrating a surprising evolutionary plasticity of these enzymes.

2. Results

2.1. RcuCCA Adds a Complete CCA-Triplet to Armless and Canonical tRNAs

To investigate the catalytic activity and substrate speci city of the R. culicivoraxCCA-adding
enzyme (RcuCCA), we identi ed a corresponding singular open reading frame in the  R. culicivorax
genome assembly available at https//parasite.wormbase.org/Romanomermis_culicivorax_prjeb1358/
Info/Index/ [54]. The sequence conservation was investigated in an alignment with the corresponding
human enzyme (HsaCCA). As it was reported that the CCA-adding enzyme of Caenorhabditis elegans
is adapted to the bizarre mitochondrial tRNAs of this organism [ 52], the sequence of this enzyme as
well as that of Ascaris suum(another nematode with mt-tRNAs lacking D- or T-arm [ 38,39,43]) were
included (Figure 1). At the amino acid level, the overall sequence identity and similarity between
RcuCCA and HsaCCA is 48% and 66%, respectively. Carrying the complete active site as well as a
putative mitochondrial import sequence as predicted [ 55|, the N-terminus shows a comparatively
higher conservation (78% sequence similarity), as it is true for the corresponding enzymes of C. elegans
and A. suum (Figure 1). In the less conserved C-terminal part, RCuUCCA and the other nematode
enzymes carry a short insertion and a terminal extension.

A conserved methionine residue downstream of the mtimport signal was chosen as the N-terminus
of the expressed open reading frame (labeled as position 1 in Figure 1). In previous experiments
on the human enzyme, this position was successfully used and the absence of the mt import signal
had no e ect on its catalytic activity [ 37,50,56,57]. The open reading frame was synthesized as a
codon-optimized DNA sequence and recombinantly expressed in Escherichia cali Together with
the corresponding enzymes from E. coli (EcaCCA; an organism exclusively carrying conventional
cloverleaf-like tRNAs) and Homo sapiengHsaCCA; an organism carrying conventional cytosolic
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as well as moderately reduced mt-tRNAs), the puri ed enzyme was tested invitro for activity.
As substrates, three di erent radioactively labeled tRNA transcripts were generated by in vitro
transcription (Figure 2A), as it is well established that tRNA nucleotidyltransferases from all kingdoms
readily accept in vitro transcripts lacking base modi cations [ 25,58-60]. tRNA Phe from Saccharomyces
cerevisiads one of the best characterized tRNAs and represents a standard substrate for many
tRNA-interacting enzymes [ 58,61,62], since the unmodi ed in vitro transcript folds into a structure
almost identical to the native tRNA [ 63,64]. Furthermore, two armless mt-tRNAs from R. culicivorax
were generated. With a length of 42 nts and 47 nts, respectively, mt-tRNA A9 and mt-tRNA "€ represent
the shortest tRNAs identi ed so far, and the in vitro transcripts fold into hairpin-like structures with
two single-stranded connector elements replacing D- and T-arm (Figure 2A) [ 47]. On the standard
tRNA P"e all enzymes added a complete CCA-triplet, indicating highly active enzyme preparations
(Figure 2B). On the armless mt-tRNA substrates, however, the bacterial enzyme EcdCCA was completely
inactive and did not add any nucleotides. The human enzyme HsaCCA that has to recognize the human
D-arm-lacking mt-tRNA S€(AGY) (Figure S1) catalyzed a moderate incorporation of two residues on
the armless Rcumt-tRNA "¢, but was almost inactive on the even smaller Rcumt-tRNA A9, In contrast,
RcuCCA added complete CCA-triplets, regardless whether the substrate represented a conventional
cloverleaf-structured tRNA or an armless hairpin-like tRNA, indicating an e cient adaptation to these
miniaturized substrates (Figure 2B).

Figure 2. CCA-addition on conventional and hairpin-like tRNA substrates. ( A) tRNA Phe from
Saccharomyces cerevis{8e represents a conventionally structured tRNA substrate of standard size
(73 nts without CCA), while the mitochondrial tRNAs for isoleucine and arginine from  R. culicivorax
(Rcu) considerably deviate in size (47 and 42 nts, respectively; both without 3 -terminal CCA-triplet)
and structure, lacking both D- and T-arms. Anticodons are indicated in bold. ( B) CCA-addition
on radioactively labeled tRNA transcripts catalyzed by the corresponding enzymes (20 ng each) of
Escherichia coliEc9, H. sapiengHsa), and R. culicivorax(Rcu). Incubation without enzymes represent
negative controls ( ). All enzymes completely convert the canonical tRNA P"€ from S. cerevisiamto a
mature transcript with CCA-end. On armless mt-tRNAs, the E. colienzyme shows no activity at all,
while the human enzyme adds only one or two C residues to mt-tRNA A8 and mt-tRNA "€, respectively.
In contrast, the enzyme of R. culicivoraxreadily synthesizes a complete CCA-end on both transcripts,
although the time of incubation was not su  cient for 100% A-addition. The experiment was done in
three independent replicates. The panel shows a representative autoradiogram.
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To investigate the substrate preferences of HsaCCA and RcuCCA in more detalil,
a Michaelis—Menten kinetics analysis was performed. Due to the limited RNA solubility, excessive
saturating amounts of tRNA cannot be used, and the obtained parameters represent apparent
values [24,25,30,58,65]. As EcAdCCA showed no activity on armless tRNAs, this enzyme was excluded
from further analysis. To discriminate between C- and A-addition, assays were performed on tRNAs
lacking the CCA-end in the presence of either -3?P-CTP or -32P-ATP and unlabeled NTPs [23,37,66].
As shown in Table 1, the kinetic parameters of both enzymes on tRNA P are rather similar for
CC-incorporation, and RcuCCA is somewhat less e cient (0.5-fold) in adding the complete CCA
terminus (CCA*). On the armless mt-tRNAs for isoleucine and arginine, HsaCCA and RcuCCA are
almost equally active in CC-addition, with somewhat higher values for RcuCCA (1.2 to 1.7x). However,
when the complete CCA-incorporation is investigated (CCA*), the Romanomermisnzyme is much
more e cient on mt-tRNA "€ and mt-tRNA A9 (3.3 to 10x). As the obtained ke values for HsaCCA in
this reaction are at the detection limit, the actual e ciency of RcuCCA relative to HsaCCA is probably
much higher.

Table 1. Kinetic parameters of HsaCCA and RcuCCA for CC- and A-addition. As indicated by the
relative activity of RcuCCA compared to HsaCCA (change), CC-addition on standard and armless
tRNA substrates is similar. In terminal A-addition on the armless tRNAs, RcuCCA shows a 3.3 to
10-fold increase, a clear indication of its adaptation to these substrates. HsaCCA is strongly a ected
in this reaction, and the obtained low values likely represent an overestimation, as they are close to
the detection limit. The actual values are probably much lower. For each analysis, three independent
experiments were performed.

Substrate HsaCCA RcuCCA Change
Kcat [s 1] Km [ M] K cat/Km Keat [s 1] Km [ Ml Kca/Km (RcuCCA)
tRNA Phe
CCA* 0.091 0.012 4.28 1.22 0.02 0.041 0.007 4.66 1.67 0.01 0.5
C*C* 0.214 0.034 4.12 151 0.05 0.166 0.025 3.01 1.18 0.06 1.2
mt-tRNA 'l
CCA* 0.006 0.001 2.00 0.95 0.003 0.052 0.011 7.84 2.06 0.01 3.3
C*C* 0.165 0.016 5.58 1.08 0.03 0.224 0.042 5.43 2.08 0.04 13
mt-tRNA A9
CCA* 0.003 0.000 4.77 1.61 0.001 0.012 0.001 1.30 0.56 0.01 10
C*C* 0.041 0.004 1.30 0.44 0.03 0.081 0.011 1.69 0.76 0.05 1.7

Taken together, both enzymes prefer a conventionally structured tRNA as substrate. On the
hairpin-like tRNAs, RcuCCA still adds complete CCA-ends, although at a lower e ciency for
mt-tRNA A9 . The human enzyme, however, strongly prefers the conventional tRNA and is severely
a ected in A-addition on armless tRNAs, resulting in incomplete and hence non-functional tRNA
molecules as already seen in CCA-addition assay (Figure 2B).

2.2. In the Romanomermis Enzyme, Especially the Catalytic Core is Adapted to Armless tRNA Substrates

To identify the contribution of individual enzyme regions to the recognition of armless tRNAs as
substrates for CCA-addition, we followed a strategy that we successfully applied to investigate several
CCA-adding enzymes concerning their enzymatic features [ 33,58,67]. We reciprocally exchanged N-
and C-termini of HsaCCA and RcuCCA, carrying the complete catalytic core and the region involved
in tRNA binding, respectively. Based on the sequence alignment shown in Figure 1, we selected a
glutamate at position 212 (HsaCCA) and 213 (RcuCCA), representing the last invariant residue of motif
E [69] as fusion position (Figure 3A). To allow for a direct comparison of enzymatic activities of the
resulting proteins, we adjusted the e  ciency of CCA-addition on the canonically structured tRNA Phe
substrate and de ned an arbitrary unit as the amount of enzyme required for 50% substrate turnover,
ranging between 0.3 ng for wild type (wt) enzymes and 0.5 to 1.3 ng for chimeras. Incubation of the
standard substrate tRNA P"¢ with 1 to 50 arbitrary units of both wt enzymes as well as chimera A
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(N-terminal catalytic core of RcuCCA, C-terminus of HsaCCA) and the reciprocal chimera B indicate
that all enzymes are fully active and e ciently synthesize a complete CCA-terminus (Figure 3B, left gel
panel). On the minimalized mt-tRNA ' (Figure 3B, right gel panel), even 50 units of the human wt
enzyme added only two C residues. In contrast, the same amount of Romanomermisnzyme added a
complete CCA-end. Surprisingly, chimera B (with the catalytic core of RcuCCA) synthesized a complete
CCA-end at considerable e ciency, while identical units of chimera A, carrying the tRNA-binding
C-terminus of RCUCCA, catalyzed the full CCA-addition to a lesser extent.

Figure 3. Catalytic activity of wild-type and chimeric enzymes on tRNA Phe and mt-tRNA €. (A) Bar
representation of class Il CCA-adding enzymes. The N-terminal region contains the catalytic core
consisting of ve motifs Ato E,a  -turn element ( ) and a exible loop (FL). The green arrowhead
indicates the fusion position for enzyme chimeras A and B. ( B) Left: Bar representation of tested
enzyme chimeras consisting of HsaCCA (cyan) and RcuCCA (red) regions. Catalytic core elements
are indicated in black. The reciprocal chimeras A and B are fused after position E213, downstream
of motif E. The replaced -turn element ( ) in chimera E is located between motif A and the exible
loop (FL). Gel panels: CCA-addition on the conventional tRNA PNe from yeast (Sce left) and the
armless mt-tRNA "€ from R. culicivorax(Rcuy, right) with increasing amounts of enzymes indicated as
arbitrary units (U). All enzymes catalyze ane cient CCA-incorporation on the conventional tRNA.
On the armless tRNA !¢, the Romanomermisit enzyme synthesizes a complete CCA-end, while the
corresponding human enzyme adds only two C-residues. Chimeras A and B also add the terminal
A, but at a somewhat reduced level. On this tRNA substrate, chimera B, carrying the catalytic core
of RCUCCA, is more e cient than chimera A, where A-incorporation is only visible at the highest
enzyme concentration. Chimera C still shows full CCA-addition, whereas no terminal A-incorporation

is observed for chimera D. Chimera E shows an e ciency comparable to that of the RcuCCA wt
enzyme, indicating the importance of the  -turn region in the reaction on armless tRNAs. The fact that
chimera E is more active than chimera B likely re ects di  erences in the compatibility of the chosen
fusion positions in these chimeras, resulting in di  erent protein folding and /or catalytic e ciency.
For each construct, up to four independent experiments were performed. For each tRNA substrate,
a representative gel is shown.
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While these reactions indicate that both enzyme parts participate in the adaptation to the armless
tRNA substrates, the contribution of the catalytic core seems to have a greater impact on the acceptance
of these substrates. Based on these results, we generated a series of chimeric enzymes carrying parts
of the RcuCCA catalytic core in the context of the human enzyme (Figure 3B, Table S1). For chimera
C, the human C-terminal part was extended to include motifs D and E. Comparable to chimera B,
this construct added the full CCA-end to  Rcu mt-tRNA e, As the exible loop (FL) and motif C
are involved in the enzymes' speci city switch to A-addition [ 22,23,2€], chimera D was constructed,
consisting of HsaCCA where the region spanning these two elements was replaced by the corresponding
part from RcuCCA. While this enzyme was fully active on tRNA Phe the loop and motif C replacement
did not result in A-addition on mt-tRNA e These results led to the conclusion that an element
upstream of the exible loop must be responsible for A-addition on armless tRNA substrates. As this
region contains a small -turn element that was described to contribute to tRNA-CC primer positioning
and, as a consequence, A-addition [22], chimera E was constructed, where a stretch of 30 amino
acid residues (positions 61-91) carrying this element was replaced in the backbone of the human
enzyme. The resulting enzyme catalyzed CCA-addition on both tRNA PM®and mt-tRNA "€ ate ciencies
comparable to the wt RcuCCA enzyme (Figure 3B). Hence, this divide-and-conquer approach allowed
us to identify the  -turn as an important element involved in the adaptation of RcuCCA to the armless
tRNA substrates.

2.3. The -Turn of the R. culicivorax CCA-Adding Enzyme Strongly Contributes to Substrate Binding and
CCA Incorporation on Armless tRNAs

To investigate whether the -turn of RcuCCA contributes to an increased e ciency in
binding of armless tRNA substrates, we performed electrophoretic mobility shift experiments
on chimera E and the parental enzymes HsaCCA and RcuCCA with an armless tRNA transcript.
Radioactively labeled mt-tRNA "€ lacking the CCA terminus was incubated with increasing amounts of
recombinantly expressed enzymes and separated by native polyacrylamide gel electrophoresis (Figure 4).
Enzyme-bound and free substrates were visualized and binding parameters were determined by
nonlinear regression. The Romanomermienzyme showed ane cient and robust binding to mt-tRNA '€,
resultinginaK 4 value of 1.4 M, while for the human enzyme, no signi cant binding could be detected,
as previously reported for this enzyme class [ 23,33,69. Interestingly, and concurrent with its wt-like
activity on mt-tRNA e (Figure 3B), chimera E also showed a high affinity for mt-tRNA "¢ ata Ky of 1.8 M.

Figure 4. Binding of wt and chimeric CCA-adding enzymes to an armless tRNA. Quantitative analysis of
enzyme binding to the armless mt-tRNA '"® determined by electrophoretic mobility shifts. ( A) While the
tRNA interaction of HsaCCA over the whole concentration range (0—4 M) is too weak to calculate
dissociation constants, RcUCCA as well as chimera E exhibit a strong a nity to this substrate, resulting
in dissociation constants of 1.4 and 1.8 M, respectively. Data are means SD;n = 3. (B) Images of
representative gel shift assays onHsaCCA, RcuCCA, and chimera E with mt-tRNA " as substrate.
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When transcripts of mt-tRNA "€ with di  erent 3%ends (mt-tRNA "'e, mt-tRNA "e-C, mt-tRNA "e-cc,
mt-tRNA "©-CCA) were o ered to RcUCCA, the enzyme bound all substrates with similar a  nity,
indicating that the composition of the tRNA 3 %end does not a ect this interaction (Figure S2A).
The human enzyme, in contrast, did not show e cient binding to any of these substrates. Gel shift
experiments on the conventional substrate tRNA Ph¢ indicate that this high a  nity of the RcuCCA
enzyme is not restricted to armless tRNA substrates (Figure S2B). With a binding constant of
1.3 M, the enzyme exhibits a similar binding behavior to the cloverleaf-shaped tRNA as it
does on the armless mt-tRNA'"® (K4 = 1.4 M), while the human enzyme again shows almost
no interaction. Hence, the adaptation of the Romanomermis culicivora CA-adding enzyme to process
both cloverleaf-structured cytosolic as well as armless mitochondrial tRNAs is obviously achieved by
a general exceptional tight interaction with its substrates, regardless whether they represent canonical
or minimalized tRNAs.

While the -turn itself (GEKH) is identical in RcuCCA and HsaCCA, the anking sequences in
the RcuCCA enzyme di er in 13 positions from the counterpart, and some of them likely contribute
to the extended substrate speci city of this enzyme. In these regions, the Romanomermignzyme
carries several lysine residues that are not present in HsaCCA (Figure 5). K74 is also found in the
corresponding enzymes of C. eleganand A. suum, while the human enzyme carries an asparagine at
this position (Figure 1). As the basic lysine might enhance the enzymes' binding to negatively charged
tRNA substrates, it represents a top candidate for such a substrate adaptation. At positions 89 and
90, RcUCCA carries a further lysine residue followed by a valine position that might also be involved
in tRNA primer binding, although these residues are not presentin CelCCA and AsuCCA. Hence,
we replaced these positions in RcuCCA by the corresponding residues of the human enzyme, resulting
in RCUCCA K74N, K89D/VI0E, and the combination thereof (K74N/K89D/V9O0E). The CCA-adding
activity of the recombinantly expressed enzyme variants was determined on yeast tRNA Phe and
adjusted to arbitrary units (1 U corresponding to 0.3 ng protein; Figure 5D,E). On this conventional
tRNA, all enzymes showed a comparable activity, with a slight reduction in activity of = RcuCCA K74N
(Figure 5D, upper panel). On mt-tRNA "¢, however, the variants carrying the K74N replacement
were considerably a ected in incorporating the terminal A residue. RcuCCA K89D/V90E, in contrast,
added a full CCA-end on this tRNA, although it seems to be somewhat less e cient than the wt
enzyme. The reciprocal amino acid exchanges and insertions introduced in the human enzyme support
these results (Figure 5E).HsaCCA N74K (for reasons of clarity, numbering is according to RcuCCA
positions) shows ane cient addition of a complete CCA-end on mt-tRNA "€ Intriguingly, also HsaCCA
89Kins/E90V and the combination N74K/K89ins/E90V exhibit improved CCA-addition on this armless
substrate. As a conclusion, K74, and to a certain extent also K83V90, represent important positions to
accept armless tRNA substrates and probably contribute to a stable interaction with the tRNA and the
correct positioning of its 3 %end as a primer.
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Figure 5. The -turn in HsaCCA and RcuCCA enzymes. (A) Superimposed full-length models
of HsaCCA (cyan) and RcuCCA (light gray) with the backbone of a bound tRNA (green) in
two perpendicular views. The tRNA position was obtained by superimposing the A-adding
enzyme:tRNA-CC complex from Aquifex aeolicu®nto the human enzyme [ 34,35,70]. Motif A (dark
blue), -turnregion (medium blue), -turn (light blue), B /A motif and exible loop (green), motif B
(yellow), motif C (orange), motif D (red) and motif E (violet) are indicated. ( B,C). Zoom intothe -turn
region and the tRNA 3 %end (corresponding to the squared region in ( A) of HsaCCA (B) and RcuCCA
(C). Spheres represent the C positions of positively charged residues (K and R). RcuCCA carries two
additional lysines at positions 74 and 89 that might contribute to tRNA binding and primer positioning.
Model is based on the crystal structure of the A-adding enzyme from Aquifex aeolicu§34]. (D) Enzymatic
activity of RcuCCA carrying mutations K74N, K89 D/V90E and K74N/K89D/V90E. 0, 1, and 50 arbitrary
units of enzyme variants were incubated with yeast tRNA Ph€ and the armless mt-tRNA €. RcuCCA wt
accepts both tRNAs for CCA-addition, while RcuCCA K74N is less active on mt-tRNA "€ resulting in a
considerably reduced A-addition. In contrast, RcuCCA K89D/V90E catalyzes full CCA-addition on the
conventional (comparable to wt activity) as well as on the armless tRNA. The triple variant RcuCCA
K74N/K89D/VI0E shows the same activity asRcuCCA K74N. (E) The introduction of the corresponding
amino acids of RCUCCA into HsaCCA enables this enzyme to add a complete CCA-end on mt-tRNA e,
in contrast to the wildtype situation. These results indicate that especially position K74 of the  -turn,
but to a certain extent also K89/V90, contribute to the substrate adaptation of RCUCCA.
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3. Discussion

3.1. A Speci c Adaptation within the Catalytic Core Enables CCA-Addition to Minimalized tRNA Substrates

As the tRNA genes of most organisms do not encode the 3%terminal CCA-triplet, this essential
feature has to be added post-transcriptionally by the CCA-adding enzyme. In eukaryotes, a single
enzyme is responsible for this maturation step in both cytosolic as well as organellar tRNA pools [ 50,51,71].
A second function of CCA-adding enzyme is to monitor the intactness of its tRNA substrate, so that
only undamaged molecules are accepted for CCA-incorporation [ 72-76]. The CCA-adding enzyme
does not recognize a speci ¢ sequence or base pair in its substrates, but relies on common elements of
the overall tRNA cloverleaf structure, as it is also observed for RNase P, tRNase Z, and some tRNA
modifying enzymes [ 77-81]. Metazoan mitochondria, however, encode for tRNAs with deviations
from the cloverleaf, where D- or T-arms are reduced or lacking [ 38,41,48]. As these tRNAs still carry a
conventional acceptor stem, they are correctly processed by RNase P, since this enzyme predominantly
recognizes this structural feature [ 78,79]. The CCA-adding enzyme, in contrast, speci cally interacts
with the tRNA elbow region, and especially with the T-loop region [ 32,69,82-84]. Hence, a bacterial
enzyme like the E. coliversion, evolved for conventional tRNAs, is strongly impaired on truncated
tRNAs [52]. The most extreme truncations are observed in nematodes like R. culicivorax in acari and in
arachnids, where hairpin-like tRNAs are found that require a speci ¢ co-evolution of the corresponding
enzymes. On such substrates, theE. colienzyme is completely inactive (Figure 2B). However, the human
enzyme co-evolved to accept the D-armless tRNAS®y sy found in human mitochondria (Figure S1) [ 41].
Hence, this enzyme accepts the armless tRNAs to a certain extent and adds two C-residues, but not the
terminal A, indicating that A incorporation requires a speci ¢ adaptation to such extreme substrates
(Figure 2B, Figure 3, Table 1). In contrast, theR. culicivoraxenzyme is adapted to these tRNA structures
and e ciently adds the complete CCA-triplet. For HsaCCA and RcuCCA, the kinetic parameters for
CC-incorporation on standard as well as armless tRNAs are quite similar and correspond to published
values [37]. However, when it comes to A-addition, only RcuCCA is adapted to the hairpin-like tRNAs
(Figure 2B, Figure 3), although this reaction step is less e cient than C-addition (Table 1).

In the transition from C- towards A-addition, CCA-adding enzymes undergo domain
rearrangements to accommodate the growing tRNA 3 %end in the catalytic core and to switch
the speci city of the amino acid template in the nucleotide binding pocket from CTP towards ATP
recognition [ 21-23,85]. During this structural rearrangement, the tRNA substrate has to remain bound
to the enzyme, and this is usually accomplished by speci ¢ interactions of the tRNA 3 %end in the
catalytic core and of the elbow region (T- and D-loop) with the C-terminal region of the CCA-adding
enzyme [22,24]. For CCA-adding enzymes adapted to conventional tRNAs or tRNAs lacking only
one arm, this interaction is not very tight, as no K 4 values could be determined [ 23,33,69] — yetitis
su cient for a complete synthesis of the CCA-end. However, for armless tRNAs, these interactions
seem to be insu cient, and the observed high substrate a nity of RcuCCA (in contrast to the human
enzyme; Figure 4, Figure S2) corroborates this hypothesis. Obviously, the Romanomermisnzyme is
able to bind its substrate very tightly, and since this is also the case for armless tRNAs, this interaction
cannot involve the conventional contacts between C-terminus of the enzyme and T-loop of the tRNA
but must be located elsewhere, although the C-terminus contributes to the terminal A-addition to a
certain extent, as shown by the Rcu/HsaCCA chimera A (Figure 4).

In the detailed analysis of enzyme chimeras between RcuCCA and HsaCCA, an adaptation of
both enzymes to di erent tRNA substrates is obvious. In HsaCCA and chimeras B, C, D, and E,
the tRNA-binding C-terminus helps to confer ane  cient CCA-addition on the conventional tRNA Phe
(Figure 3B). As HsaCCA shows a rather weak interaction with tRNA substrates (Figure 4, Figure S2),
this C-terminal part obviously contributesto ane  cient CCA-synthesis by enabling the nal product
release B5]. In contrast, in RCUCCA, an adaptation to armless tRNA substrates in the N-terminus
is obvious. Here, two elements of the catalytic core are described to play an important role in the
speci city switch from C- to A-addition. The exible loop acts as a lever that adjusts the templating
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amino acids for correct ATP binding [ 22,25,26,66], and motif C represents a springy hinge that supports
the domain rearrangements involved in this reaction step [22,23]. Accordingly, one could expect that
both elements are adapted to the CCA-addition on armless tRNAs. Yet, chimera D (human enzyme
with exible loop and motif C of RcuCCA) does not show any A-addition on the armless tRNA, while it
is fully active on a standard substrate (Figure 3), excluding a speci ¢ adaptation of these two elements.

A detailed inspection of the residual N-terminal RcuCCA components in the chimeras revealed
that constructs carrying a -turn element located between strands 3 and 4 of the -sheet in the catalytic
core are able to add the terminal A, indicating that this element represents a major adaptation to
armless tRNAs (Figure 3B, chimeras B, C, and E)

3.2. The B-Turn Element Impacts the Substraterfity of R. culicivorax CCA-Adding Enzyme

In chimera E, the inserted -turn element consists of 30 amino acids located between motif A and
a conserved stretch upstream of the exible loop (Figure 1). Toh et al., showed that in CCA-adding
enzymes for conventional tRNAs, this region plays an important role in binding the growing CC-end
of the tRNA and adjusting it in the catalytic core for the nucleophilic attack initiating A-addition[  22].
Similar -turn elements are found for the archaeal class | CCA-adding enzymes [ 29,30,86], poly(A)
polymerases as well as for DNA- and RNA-polymerases, where they are described to position the
3%hydroxyl of the primer 3 %end in close vicinity of the catalytically important metal ions located in the
active site [68]. In RcuCCA, however, the -turn element has an additional function, as it dramatically
contributes to tRNA binding. Here, especially the lysine residue at position 74 (K74) seems to be
involved, as its replacement by asparagine, the corresponding position in HsaCCA, a ects A-addition
on an armless tRNA (Figure 5D). The introduction of K74 into HsaCCA supports the importance of
this lysine residue, as it enables a strongly improved CCA-addition on mt-tRNA "' by this enzyme.
Intriguingly, also the HsaCCA K89ins/E90V variant shows an enhanced CCA-addition on mt-tRNA 'l
This could be a general e ect of the positively charged lysine side chain that keeps the tRNA in
close proximity during polymerization, enabling a more e  cient nucleotide transfer. In RcuCCA,
these positions seem to be less important, as their replacement by the human residues have only very
subtle e ects on CCA-addition. It is conceivable that other positions not directly involved in tRNA
binding might structurally support the substrate adaptation of RcuCCA by folding the loop region into
a conformation that optimally positions K74 (and other interacting residues) for primer binding during
polymerization. Corresponding crystal structures of RcuCCA in complex with an armless tRNA are
needed to clarify this point.

The presented results onRcuCCA, HsaCCA, and the corresponding chimeras support the following
hypothesis. As described above, the binding of the tRNA's T-loop to its C-terminus represents one
of the major substrate interactions of the CCA-adding enzyme, ensuring that the tRNA primer
remains correctly located for A-addition during the domain rearrangements inducing the speci city
switch [ 34,35]. As a consequence, product release seems to be a limiting factor in the reaction [B5].
As this interaction is not possible with armless tRNAs, the human enzyme loses contact after adding the
C residues, while a conventional tRNA remains correctly bound in the T-loop /C-terminus interaction
and gets elongated by a complete CCA-terminus. In R. culicivorax the CCA-adding enzyme had to
adapt to armless tRNAs and evolved a di erent mode of tRNA interaction, as a binding of T-loop
and C-terminus is not possible anymore. Here, the function of the  -turn region evolved from simple
primer positioning for A-incorporation into an enhanced high-a nity substrate binding compensating
for the loss of the conventional C-terminal tRNA interaction. As this strong interaction is visible at
all stages of CCA-addition on canonical as well as armless tRNAs (Figure S2A), the function of the

-turn region in RcuCCA is not limited to bind a tRNA-CC intermediate but generally contributes to
an e cient substrate binding during the complete CCA-incorporation reaction. This ensures that the
enzyme's interaction with armless tRNAs is su  ciently strong to survive the structural rearrangements
during polymerization. A drawback of this tight binding of = RcuCCA might be a reduced product
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release, and the slightly less e cient CCA-addition on the conventional tRNA Phe could be an indication
of this (Table 1).

3.3. An Orthogonal Translation System?

Swapping domains between proteins is a useful method to generate proteins with new
functions—an approach that is frequently used by nature as well as researchers [87-89]. The fact
that the replacement of a small -turn element converts the human tRNA nucleotidyltransferase into
an enzyme that accepts armless tRNAs as substrates raises the question whether it is possible to
generate an orthogonal system for the incorporation of hon-natural amino acids in a host cell system.
Representing a fascinating idea, this is highly unlikely, as the armless tRNAs are so di erent to their
conventional counterparts. It is known that many mt-tRNAs are not recognized and charged by
cytosolic aminoacyl-tRNA synthetases but require speci cally adapted mitochondrial enzymes [ 90].
Similarly, mitochondrial ribosomes have undergone a speci ¢ co-evolution to compensate for the
unusual structural features of mt-tRNAs [ 91]. While metazoan mt-rRNAs are usually shorter than
their cytosolic counterparts, the mitochondrial ribosomal proteins are generally enlarged [ 92-95].
Again, nematodes represent the extreme case, having ribosomes strongly enriched in protein content
but with reduced rRNA components [ 96-98]. Due to this intricate co-evolution of the mitochondrial
protein synthesis components, it is probably not feasible to use armless tRNAs as an orthogonal tool in
synthetic biology.

Taken together, the CCA-adding enzyme of R. culicivoraxshows a remarkable adaptation to
hairpin-like tRNA where the loss of substrate interactions with the C-terminus is compensated by
enhanced tRNA binding of a di erent enzyme region. The evolutionary plasticity of enzymes is
described for the composition of active site residues, where amino acids with identical catalytic
roles are located at di erent positions in the primary sequence [ 99]. The catalytic core, however,
remains unchanged and structurally almost identical. In contrast, the  -turn element of RCUCCA is
not a mimicry of the T-loop /C-terminus interaction but recognizes a very di  erent region of the tRNA
(the 3%end) and is still part of the catalytic core. Hence, its speci ¢ adaptation to the miniaturized tRNAs
add a new layer of evolutionary plasticity. The structural resolution of this enzyme in complex with its
tRNA substrate is expected to shed more light into this unusual and fascinating substrate adaptation.

4. Materials and Methods

4.1. Construction of Recombinant Enzymes

Open reading frames of CCA-adding enzymes from Escherichia colkind Homo sapiensvere cloned
into pET30 EK/LIC plasmid with an N-terminal His g-Tag. The mt target signals were not included,
and in both enzymes, the cloned coding regions started at the following conserved methionine residue
as described [37,50,56,57]. For the CCA-adding enzyme of Romanomermis culicivoraxthe coding
sequence was identi ed in the R. culicivoraxgenome assembly available at https7//parasite.wormbase.
org/Romanomermis_culicivorax_prjeb1358/Info/Index/, codon-optimized for expression in E. coliand
synthesized in pET28a by GenScript®® (Piscataway, NJ, USA). All alignments were done using Jalview
2 [100]. Point mutations were introduced as described [23].

4.2. Cloning of Chimeric Enzymes

Chimeric enzymes of CCA-adding enzymes from Homo sapiensand Romanomermis culicivorax
were generated via site-directed mutagenesis in pET30-EKLIC or pET28a plasmids, respectively.
All chimeras were cloned with an N-terminal His g-tag. The fusion positions of all chimeras are shown
in Table S1 and Figure S3.
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4.3. Expression and Puri cation of Recombinant Enzymes

E. coliBL21 (DE3) cca::cam lacking the endogenous CCA-adding enzyme were transformed with
plasmids encoding the CCA-adding enzymes from H. sapiengHsaCCA), R. culicivorax(RcuCCA),
or chimeric enzymes. For CCA-adding enzyme from E. coli(EcdCCA), E. coliBL21 (DE3) was used.
Cells were grown in 400 ml LB or TB with 50  g/ml kanamycin and 35 g/ml chloramphenicol (only
for cca::cam strains) at 30 C. Expression was induced at ODgpg = 1.5 by adding 400 ml ice-cold LB or
TB containing both antibiotics and IPTG to a nal concentration of 1 mM. Cultures were incubated
over nightat 16 C and then harvested at 6340 g for 15 min.

Pellets were resuspended in 8 ml ice-cold lysis-bu er (25 mM Tris/HCI pH 7.6, 500 mM NacCl,
1 mM DTT for EcaCCA and HsaCCA, 100 mM phosphate bu er pH 7.0, 500 mM NacCl, 10% glycerol,
0.2% NP-40, 1 mM DTT for RcuCCA) and disrupted with 5 g Zirconia beads and Fastprep-24
homogenizer (6 m/s, 30 s). Cell lysates were centrifuged at 30,600 g, 30 min, 4C, sterile Itrated and
loaded onto a HisTrap FF 1 ml or 5 ml column (GE Healthcare). Column wash was performed with
4-10 column volumes of binding bu  er (25 mM Tris/HCI pH 7.6, 500 mM NaCl for EcdCCA and HsaCCA,
100 mM phosphate bu er pH 7.0, 500 mM NacCl, 10% glycerol for RcuCCA) with 50 mM imidazole.
His-tagged proteins were eluted with 3—8 column volumes of elution bu  er (binding bu er with
500 mM imidazole). If necessary, protein containing fractions were further puri ed by size exclusion
chromatography on a HiLoad 16 /60 Superdex 75 pg column in binding-bu er containing 200 mM NacCl.
Protein-containing fractions were combined and concentrated on Vivaspin 6 columns (15-30 kDa
MWCO, GE Healthcare). Proteins were stored in 40% glycerol (v/v) at 80 C. Protein concentration
was determined according to Bradford [101].

4.4. tRNA Preparation

Armless mitochondrial tRNAs for isoleucine and arginine from R. culicivorax[48] and canonical
cytosolic tRNA Phe from Saccharomyces cerevisigere generated asin vitro transcripts lacking the
CCA-end in the presence of 32P-ATP (3000 Cimmol). Homogeneous 5% and 3%ends of the transcripts
were generated as described [102]. For kinetic analyses, tRNAs were transcribed without  32P-ATP.

4.5. Electrophoretic Mobility Shift Assay (EMSA)

0.5 pmol 32P-ATP-labeled tRNA substrates were heated for 2 min at 90 C, cooled to room
temperature and incubated with 0to 4 M of enzyme in HEPES/KOH (pH 7.6), 30 mM KCl and 6 mM
MgCl, at 20 C for 10 min. After addition of glycerol to a nal concentration of 18.5%, tRNAs were
separated by 5% native polyacrylamide gel electrophoresis. For visualization of enzyme-bound and
free substrates, a Typhoon 9410 scanner (Cytiva, Freiburg, Germany) was used. Dissociation constants
were determined in three independent experiments by nonlinear regression using GraphPad Prism 7.

4.6. Activity Test and Determination of Arbitrary Units

Initial activity tests for CCA-addition were performed in 30 mM HEPES /KOH pH 7.6, 30 mM KCl,
6 mM MgCl ,, 2 mM DTT, 0.5 mM NTPs, 5 pmol tRNA, and 20 ng of enzyme in a reaction volume of
20 lat20 C.

For comparative analysis of CCA-addition on armless tRNAs (Figure 3), activity of all enzyme
preparations was normalized using canonical tRNA PM€ as a substrate. CCA-addition was performed
in in the same bu er as described above. For calculation of arbitrary units, 5 pmol of tRNA were
incubated with increasing amounts of enzymes for 30 min at 20 C. Reactions were ethanol-precipitated
and analyzed on 10% or 12.5% polyacrylamide gels by autoradiography. Enzyme amounts leading
to 50% substrate-turnover were de ned as 1 arbitrary unit. Nucleotide incorporation assays were
performed as mentioned above. 5 pmol of tRNA were incubated with 1, 5, 10, 25, and 50 arbitrary
units of each enzyme preparation for 30 min at 20 C and analyzed as described [25,58].
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4.7. Kinetic Analysis

Steady-state Michaelis—Menten kinetics were performed as described [103. Each reaction
contained 1 mM NTPs and 3 Ciof 32P-CTP or 32P-ATP (3000 Cimmol) and 30—-35 ng HsaCCA
or 30—75 ngRcuCCA. Non-labeled tRNA transcripts without CCA-end were titrated from 1-10 M
and incubated for 15-20 min at 20 C. Determination of incorporated radioactivity was performed
as described [25,66] and kinetic parameters of three independent experiments were calculated by
non-linear regression Michaelis—Menten kinetic (GraphPad Prism). As the tRNA transcripts are not
soluble at excessive saturating conditions, the calculated kinetic parameters represent apparent values,
as frequently used for this type of enzymes [24,25,30,58,65].

4.8. Enzyme Modeling

A homology model of RcuCCA enzyme was built using Modeller [ 104 based on a sequence
alignment with the human enzyme and on the human structure (PDB id: 4x4w) [ 70]. A model of the
human enzyme was also built to include all loops that are not visible in the crystal structure. Models
were superimposed to the structure of A-adding enzyme:tRNA complex for (PDB id: 4wc2) [ 34]in
PyMOL (v2.4.0, Schrddinger) to position a tRNA in the active site and visualize loops in the vicinity of
the tRNA 3 %-tail.

Supplementary Materials: The following are available online at http: //www.mdpi.com /1422-006721/23/9047s1.
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Abstract: The reproducible preparation of well-di  racting crystals is a prerequisite for every structural
study based on crystallography. An instrument called XtalController has recently been designed that
allows the monitoring of crystallization assays using dynamic light scattering and microscopy, and
integrates piezo pumps to alter the composition of the mother liquor during the experiment. We have
applied this technology to study the crystallization of two enzymes, the CCA-adding enzyme of
the psychrophilic bacterium Planococcus halocryophilusnd the lysozyme from hen egg white in the
presence of a synthetic chemical nucleant. We were able to (i) detect early nucleation events and
(ii) drive the crystallization system (through cycles of dissolution /crystallization) toward growth
conditions yielding crystals with excellent di  raction properties. This technology opens a way to the
rational production of samples for crystallography, ranging from nanocrystals for electron di  raction,
microcrystals for serial or conventional X-ray di  raction, to larger crystals for neutron di  raction.

Keywords: enzyme; crystallization; dynamic light scattering; nucleation; nucleant; Th-Xo4
crystallophore; microcrystals; nanocrystals; X-ray di raction; XtalController

1. Introduction

Since its birth in the 1960s, biocrystallography has been a primary source of structural information,
contributing more than 90% of 3D structures accessible in the Protein Data Bank [ 1] and remains a central
player in structural biology, alongside NMR and CryoEM. Over the past decade, new experimental
setups have been introduced that widen its applicability and transform the daily practice of crystal
growers and crystallographers. The recent advent of X-ray free electron lasers (X-FEL) has enabled the
serial femtosecond di raction (SFX) analysis of micro- and nano-crystals, and o ers unprecedented

Crystals202Q 10, 65; doi:10.3390cryst10020065 www.mdpi.com/journal /crystals
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possibilities for time-resolved experiments [ 2-4]. At the same time, electron microscopes have been
hijacked to perform micro-electron di raction ( ED), opening the way to the characterization of
nanocrystals using laboratory-based instruments [ 5-8]. Though, like conventional ones relying on
synchrotron or neutron sources, these new crystallographic approaches require crystalline material
and call for the development of means facilitating the production of calibrated samples (i.e. nano-,
micro-, or macrocrystals) with a size adapted to the radiation (electrons, X-rays, or neutrons) and the
experimental setup.

Growing crystals of a new biomolecule (protein, DNA, RNA, and their complexes) is often
a time-consuming task that involves a trial-and-error screening step to nd solvent conditions
generating promising crystalline or microcrystalline phases. It is followed by an optimization step
to improve the quality of one or several crystalline forms and make them suitable for di  raction
analysis [9]. However, before the rstdi raction test, the evaluation of this two-step process mainly
relies on optical microscopy observations. As a consequence, early crystal growth events, including
nucleation, nano-crystal, or nano-cluster formation that directly impact the nal crystallization outcome,
remain hidden to the crystal grower. For this reason there is a clear need for a system enabling the
preparation and the optimization of crystals under well-de ned and controlled conditions, and ensuring
reproducible crystalline properties and quality. The concept of such a system emerged in the nineties
in the frame of a European research consortium on crystal growth (European Bio-crystallogenesis
Initiative, 1998—-2000) and was developed in the context of the OptiCryst European consortium
(2006-2010) 10]. The current implementation called XtalController (or XC900; Xtal Concepts GmbH,
Hamburg, Germany) is composed of a crystallization chamber for a single experiment with precise
temperature and humidity control[ 11]. The composition of an initial drop (volume 5-10 1) of a solution
of the target biomolecule can be modi ed by the injection of various solutions (such as water, bu  er or
crystallant) using two piezo injectors spraying 70 picoliter droplets (Figure 1A,A). The sample drop
can also be concentrated by evaporation of volatile chemicals (generally water) and its composition
(i.e., the concentrations of components) is continuously calculated from its weight recordedto 1 ghby
an ultra-sensitive balance. The instrument provides diagnostic means to track the drop content along
the experiment; the early occurrence of association events leading to nucleation, as well as nanocrystals
can be detected in real time by dynamic light scattering (DLS) and the growth of crystals by video
microscopy as soon as they reach a size exceeding a few microns. The XtalController also provides
means to navigate in the phase diagram, from an undersaturated solution to a supersaturated state
leading to crystal growth or precipitation. Hence, a speci ¢ phase may be stabilized or the system may
be driven in the phase diagram toward another phase by varying experimental conditions in real time
using the piezo injectors.

For more than three decades DLS has proven to be instrumental to study nucleation, to perform
quality control of biological samples, to predict the propensity of the latter to crystallize, and, more
recently, to follow their behavior in crystallization assays [ 12-16]. With the unique and innovative
combination of piezo injectors to modify the experimental conditions and DLS to track in real time
the e ect of various physicochemical parameters (chemical composition, biomolecule concentration,
temperature) on biomolecules in solution, the XtalController opens a wealth of possibilities for basic
and applied crystallogenesis. First examples included the observation of liquid dense clusters formed
during nucleation [17] and the preparation of crystals with well-de ned size [18].

Here we used this technology to study the crystallization of two enzymes, the CCA-adding
enzyme from the psychrophilic bacterium Planococcus halocryophil@@haCCA) and the hen egg-white
lysozyme (HEWL). In the rst case, classical vapor-di  usion assays produced numerous small crystals
or precipitates. The XtalController helped better de ne the appropriate crystallant concentration
to nucleate and grow large crystals of PhaCCA. In the second case, we used the XtalController
to highlight the nucleating e ect of a lanthanide complex, the crystallophore Th-Xo04 [19,20] on
HEWL in the absence of crystallant. Both examples illustrate the potential of this technology in
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crystallogenesis and for the design of protocols to produce calibrated crystalline samples for a variety
of crystallographic applications.

Figure 1. XtalController setup. (A) Side and top pictures of the instrument and ( A') schematic view
highlighting its major components. ( B) Example of experimental schedule with curves indicating the
variation of drop weight (red curve) and associated variations of enzyme and crystallant concentrations
(blue and green curves, respectively). The same color code is used in all gures. (C) Corresponding
trajectory in a theoretical phase diagram. Step 1: incubation of the enzyme solution at constant
concentration. Step 2: addition of crystallant (increase of crystallant concentration, decrease of
biomolecule concentration in the drop). Step 3: incubation, constant drop in weight (compensation of
evaporation by water injection) to keep biomolecule and crystallant concentrations constant. Step 4:
controlled evaporation of the drop leading to increased concentrations of biomolecule and crystallant
to reach the nucleation zone. Step 5: incubation until crystals start to grow, consume part of the soluble
enzyme stock and bring the system back to equilibrium on the solubility curve.
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2. Materials and Methods

2.1. Chemicals and Enzyme Samples

Chemicals used for the preparation of bu ers and crystallization solutions were of highest purity
grade. Solutions were ltered on 0.22 m porosity Ultrafree-MC membranes (Millipore, Molsheim,
France). PhaCCA (monomer of 420 amino acids, 48 kDa) was produced in Escherichia coliells, puri ed,
concentrated to 5 mg/mL, and stored at4 Cin 50 mM HEPES-NaOH pH 7.5, 100 mM NacCl as described
previously [ 21]. HEWL (monomer of 129 amino acids, 14 kDa) was purchased from Seikagaku Corp.
(Tokyo, Japan, Cat. N 100940), Roche (Basel, Switzerland, Cat. N10153516103) and Sigma-Aldrich
(St. Louis, MO, USA, Fluka Cat. N 62970-5G-F). It was used without any further treatment and
dissolved in milliQ water (Roche) or in 10 mM sodium acetate pH 4.5, 40 mM NaCl (Seikagaku and
Sigma) at concentrations ranging from 25 to 71 mg/mL. Lysozyme stock solutions were ltered prior to
concentration measurement. The crystallophore Th-Xo04 used as nucleant for HEWL was synthesized
and puri ed as described [19]. It was dissolved in water to prepare a 100 mM stock solution.

2.2. Crystallization in the XtalController

The humidity and temperature of the crystallization chamber of the instrument were set to 99.5%
and 20.0 C, respectively, one hour before starting an experiment to ensure the stability of experimental
conditions. A drop of 10 | of enzyme stock solution was deposited on a siliconized glass coverslip
(¥ 22 mm) placed on the balance. One pump was loaded with the appropriate crystallant solution
and the second with pure water. The crystallization chamber was closed and the protocol started
with a 5 min step to monitor drop evaporation and compensate the loss of weight by injection of
water to keep the drop weight constant. Several steps of crystallant addition, drop evaporation or
dilution were scheduled to explore the phase diagram. The shooting frequency of the pumps was
adjusted to vary the slope of concentration variations. DLS measurements and drop image capture
were scheduled at regular time intervals (e.g., every 5 to 30 min) to follow nucleation, aggregation,
or crystal growth events. At the end of the experiment, the coverslip was transferred onto a 24-well
Linbro plate (HR3-110, Hampton Research, Aliso Viejo, CA, USA) for incubation.

2.3. Standard DLS Measurements

In parallel to DLS measurements performed inside the XtalController, a benchtop Nanostar light
scattering instrument (Wyatt Technology, Inc., Santa Barbara, CA, USA) was used to record the e ect
of Th-Xo04 on lysozyme. Total of 10 | of Sigma lysozyme (71 mg/mL) were transferred into a quartz
cell for DLS measurements at 20 C. The drop was covered with 10 | para n oil and the cuvette
was sealed with Para Im —foil to prevent evaporation. Subsequently, 1 | of a 100 mM Th-Xo04 stock
solution in 10 mM sodium acetate pH 4.5 was added. In control experiments the Th-Xo4 solution was
replaced by bu er. Data were corrected for solvent viscosity and refractive index.

2.4. Crystal Analysis

Crystals of PhaCCA were analyzed in cryogenic conditions at FIP /BM30A beamline (ESRF,
Grenoble, France) using an ADSC Quantum 315r detector. A crystal was soaked for a few seconds in
the mother liquor supplemented with 20% (w /v) glycerol, mounted in a cryoloop and ash-frozen in
liquid nitrogen. 240 images were collected with a rotation of 0.5 and an exposure time of 1 s per frame,
yielding a dataset at a resolution of 2.28 A. Crystals of HEWL were analyzed at ambient temperature
using a Rigaku FR-X di ractometer at the FRISBI platform (IGBMC, llikirch, France) with an EIGER
R 4M detector (DECTRIS) with a 2 o set of 10. Several crystals grown with Roche, Sigma, and
Seikagaku lysozymes were tested and di racted to up to 1.5 A resolution but showed rapid decay
because of radiation damage at ambient temperature. The exposure time and rotation speed were
adapted accordingly to collect a full dataset from a crystal of Seikagaku lysozyme plunged in viscous
Parabar 10312 (Hampton Research), mounted in a cryoloop and protected from dehydration using the
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MicroRT room temperature kit from MiTeGen. 720 images were collected with a rotation of 0.25 and
an exposure time of 2 s per frame. Data were processed with the XDS package [22].

2.5. Structure Determination

The structures of PhaCCA and HEWL were re ned in PHENIX [ 23] using PDB entries 6QY6 and
6F2I (cleared of solvent molecules and ligands), respectively, as starting models for initial rigid body
adjustment. Several rounds of re nement and manual inspection in COOT [ 24] were performed until
convergence of Ryee (Calculated using 5% of re ections). The model of PhaCCA was re ned using one
TLS group and includes 365 residues (the N-terminal expression tag and the exible loop encompassing
residues 83-94 are not visible), two phosphate ions, two acetate ions, and three glycerol molecules
present in the mother liquor and the cryoprotection solution. The model of HEWL was re ned using
anisotropic atomic displacement parameters (ADPs) and includes the full enzyme sequence, one
sodium, two chloride ions, a full Tb-Xo04 complex and two additional Tb  3* positions clearly identi ed
in the anomalous density map but for which the ligand was not observed because of low occupancy.

3. Results and Discussion

3.1. Triggering the Growth of Large Crystals of PhaCCA

We recently reported the crystallization of a new tRNA nucleotidyltransferase or CCA-adding
enzyme from the cold-adapted bacterium P. halocryophilugiving in the permafrost [ 21]. During the
process of optimization we observed that the protein had a tendency to produce either clear drops or
drops full of small crystals or light precipitate, indicating a narrow nucleation zone. To increase the
reproducibility of crystallization, microseeding was systematically used, both in vapor-di usion orin
counter-di usion assays 21,25]. In the present work the goal is to exploit the XtalController technology
to determine appropriate crystallant concentration su  cient for the nucleation of a minimal number
of crystals.

Figure 2 shows a typical crystallization assay with PhaCCA. The experiment starts with a drop
of enzyme at 5 mg/mL in its storage bu er. The crystallant (stock solution: 1 M diammonium
phosphate, 0.1 M ammonium acetate pH 4.5) is gradually added into the enzyme solution using a piezo
pump. The DLS signal clearly indicates the start of protein association around 0.2 M diammonium
phosphate with the appearance of objects larger than the initial PhaCCA monomer and increasing in
size. This phenomenon is ampli ed during the step of drop evaporation when both the concentration
of crystallant and enzyme simultaneously increase, hence increasing the supersaturation of the enzyme
solution. The monomeric form of PhaCCA remains present throughout the experiment, in equilibrium
with nano /microcrystalline objects.

After 48 h, the monitoring was stopped and the cover slip was transferred from the instrument to a
classical 24-well Linbro plate to be stored in equilibrium with a reservoir containing a crystallant solution
at the same concentration as that reached at the completion of the protocol (i.e., 1 M diammonium
phosphate, 0.1 M ammonium acetate pH 4.5). Small crystals that were already visible after 28 h in the
periphery of the drop, grew slowly to a useful size (100-200 m) for X-ray di raction (see Section 3.3)
over a period of several weeks.

In an attempt to increase the size of PhaCCA crystals, protocols including several cycles of drop
concentration/dilution were tested. The experimental idea was to trigger protein interaction, then
redissolve partially the population of nuclei to select a few for growth in the next drop concentration
step. Figure 3 illustrates this strategy and displays the resulting crystals. The largest reached a size
of 0.5 mm after 11 days of incubation. This strategy may be exploited in the future to grow large
crystals for neutron di  raction. A similar concept was applied using temperature variation coupled
with dialysis to adjust the supersaturation and reduce the number of nuclei to promote the growth of
large mm-sized crystals [26]. The great advantage of the XtalController is the possibility to monitor the
uctuation of particle populations in real time. The DLS signal shows that the monomer of PhaCCA
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is converted into larger objects during concentration steps while the drop remains optically clear.
If the process is too fast and evolves toward precipitation, the whole system can be driven back to
lower concentrations favoring the dissolution of precipitates and the re-solubilization of monomers. A
series of cycles of decreasing concentration variation allows a slow and controlled convergence to the
target condition, similar to that used in classical vapor di  usion assays but resulting in many fewer
nucleation events and, thus, in larger crystals.

Figure 2. Crystallization of PhaCCA enzyme in the XtalController. Panels (A) and (B) show the
experimental records over the rst 40,000 sec (~11 h). No visible change occurred between t= 11 and
48 h, i.e., when the experiment was transferred to a Linbro plate. (A) Experimental parameters are
recorded and curves display the variation of drop weight and corresponding variation of enzyme
and crystallant concentrations over time. ( B) The evolution of particle size in solution is monitored
by dynamic light scattering (DLS) over time. At each time point, di  erent populations detected in
solution are represented as blue dots. The center of the dot indicates the hydrodynamic radius R, of the
population and the surface its relative contribution to the overall scattered signal. The DLS distribution
on the left highlights early events (blue window in A) and shows that the enzyme starts to react at
concentrations of crystallant as low as 0.2 M. Particle size distribution on the right corresponds to the
monitoring of the complete experiment. The signal of monomeric PhaCCA ( Ry, = 4 nm) decreases while
larger objects, likely nano-crystals or nano-clusters, appear upon crystallant addition. ( C) A selection
of drop micrographs taken along the experiment shows the appearance of small objects after 28 h,
leading to useful samples for di raction analysis within several weeks of incubation over a reservoir in
a Linbro plate. The close-up view on the right-hand side shows typical PhaCCA crystals (white arrow)
used for data collection (Table 1).
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Figure 3. Production of large PhaCCA crystals. (A) The crystallant was injected in the sample drop
following the same protocol as in Figure 2. Four cycles (see numbers) of drop concentration /dilution
were performed. (B) The DLS monitoring shows that each time the drop is concentrated, the signal for
the population of monomeric PhaCCA decreases (see arrows) in favor of larger particles. At the end of
this protocol, the clear drop was transferred from the XtalController to a Linbro plate for incubation.
(C) First crystals appeared after 2 days and the biggest reached a size 0.5 mm in 11 days.

3.2. Tracking the Nucleant Eect of the Crystallophore Th-Xo4on HEWL

A terbium complex, called crystallophore N 1 or Th-Xo04, with phasing and nucleating properties
was recently described [19,20,27]. When preparing lysozyme solutions in pure milliQ water including
10 mM Th-Xo4 for screening experiments, we observed that the addition of the compound led to the
formation of a pellet composed of single lysozyme crystals at the bottom of Eppendorf tubes after 20 to
30 days in the cold room. To con rm the ability of the nucleant to promote lysozyme self-association in
conditions containing very low salt concentration, the XtalController was used to monitor the behavior
of the enzyme in solution upon injection of 10 mM Th-Xo04 dissolved in water. The control experiment
consisted in injecting an equivalent volume of pure water. After incubating 10 | of a fresh HEWL
solution (25 mg/mL) at 20 C to check its stability by DLS (Figure 4), the crystallization chamber was
opened for a few seconds to inject 1 | of a 100 mM Th-Xo4 solution (or water) directly into the drop
usingal |Hamilton syringe. Accordingly, the drop weight increased to 11 mg and rapidly went back
to 10 mg upon water evaporation controlled by the instrument scheduler. The drop was incubated for
hours and DLS measurements were recorded before its transfer to a Linbro plate for long-term storage.

Figure 4 shows that the addition of Th-Xo4 triggered the instantaneous formation of particles of
larger size and this phenomenon of association, which was not observed upon water addition, led to
the growth of large crystals after weeks of incubation. Th-Xo4 decreases the solubility of HEWL and
promotes interactions between enzyme particles: the monomer seems to be converted in a slightly
larger entity (Figure 5), possibly bridged by the nucleant (Figure 6B,C) and large assemblies grow
up to a size of 1 m. Again, the XtalController was instrumental to highlight a situation leading
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to nucleation in a drop that remained clear for hours or days in videomicroscopy. Indeed, when a
supersaturated state has been created, the system is thermodynamically set for either precipitation or
nucleation. If nuclei are favored over precipitates, then crystal growth is a matter of time (i.e., kinetics).
The “activated” drop is then simply transferred from the crystallization chamber to a Linbro plate for
incubation until crystals grow.

Figure 4. Monitoring the nucleant e ect of Th-Xo4 on HEWL. In this simple experiment, a Roche
lysozyme solution (25 mg/mL in water) was incubated in the XtalController. ( A) Upon injection of 1 |
of nucleant (100 mM Th-Xo4 solution), symbolized by the green line and highlighted by a 1 mg jump of
the weight ( B), the enzyme immediately reacted and formed larger objects that grew up to size of~1 m
(A, left). The drop was then maintained at a constant weight as illustrated by weight and concentration
curves (B). Records (A) and (B) are displayed fort = 0 to 20,000 sec (~ 5.6 h). No visible change was
observed afterwards and, as the drop remained clear (C), it was transferred after 8 h to a Linbro plate
for incubation. The control injection of 1 | of water does not change the DLS signal (A, right).

We further tested the nucleating property of Th-Xo4 on the crystallization of HEWL from other
suppliers (Sigma and Seikagaku) to check for potential enzyme preparation and batch e ect. Following
the protocol described in Figure 4, the concentration of enzyme was increased to 50 and 71 mg/mL
to promote the growth of larger crystals. As for the Roche HEWL, the addition of Th-Xo4 triggered
the rapid formation (i.e., within 15 to 30 min) of populations of particles with radii ranging from 100
to 1000 nm in the XtalController (Figure 5A). The same phenomenon was reproduced in the quartz
cuvette of a Nanostar DLS instrument using the same lysozyme batch. Although they contributed
signi cantly to the scattering signal, the percentage in mass of the larger populations was always low,
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in the range of a few percent (Figure 5B). Drops prepared with Sigma and Seikagaku lysozyme batches
in the XtalController and incubated for several months against a bu er reservoir produced crystals of
several hundreds of m suitable for crystallographic analyses (Figure 5C).

Table 1. Statistics of crystal analysis and structure re nement.

Enzyme

PhaCCA

HEWL

Data collection

X-ray source

FIP/BM30A — ESRF

Rigaku Fr-X — IGBMC

Wavelength (A) 0.9799 1.5418
Detector ADSC Q315r EIGER R 4M
Temperature (K) 100 293

Space group P432,2 P452,2

Cell parameters (A) 70.53, 70.53, 291.48 78.81, 78.81, 38.33
Mosaicity ( ) 0.31 0.12

Solvent content 67.4 40.8

Resolution range (A) 47 -2.28 (2.42 - 2.28) 35-1.51(1.60 - 1.51)
Number of re ections 237664 (37915) 164648 (14601)
Number of unique re ections 34470 (5385) 19535 (3017)
Multiplicity 6.9 (7.0) 8.4 (4.8)
Completeness (%) 99.5 (98.5) 99.2 (96.5)
Mean I/sigma(l) 15.5(1.5) 29.7 (1.9)
Rmeas(%)! 8.6 (126) 3.6 (72.6)

Rpim (%)? 3.4 (44.8) 1.1 (31.7)
SigAno - 2.1(0.6)

CCy 99.9 (76.0) 100 (78.1)
Structure re nement

Ruwork: Riree 0.213, 0.257 0.141,0.175
100,554
RMSD on bonds (A) and angles ( ) 0.009, 0.96 0.004, 0.69

Average ADPs (A 2)
overall, enzyme, ligands, solvent

51.0,50.8, 62.9, 51.6

30.1, 28.7,51.7,41.9

Ramachandran plot: % of residues in
favored, allowed, unfavored regions

96.4,3.3,0.3

99.2,0.8,0

PDBId

6TVZ

6TVY

1 Rmeas = Sit ~ (N/n-1) S; [li(hKl) - <I(hKI) >| / Sp S 1i (KI); 2 Rpim = Shi " (Un-1) S li(hk) - <I(hK))>| / Shw S

1i (hKI).
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Figure 5. Production of Th-Xo4-HEWL crystals for structural analyses. The experimental procedure
described in Figure 4 was applied to Sigma and Seikagaku lysozyme samples at a higher concentration
(50 and 71 mg/mL, respectively) to promote the growth of larger crystals. ( A) the DLS monitoring of
Sigma lysozyme in the XtalController upon Th-Xo04 injection (green line) shows same features as in
Figure 4A, yet ampli ed by the higher enzyme concentration. ( B) The phenomenon was followed
on the same batch in a Nanostar DLS instrument. The top distribution detects almost exclusively the
monomeric lysozyme before the injection, whereas populations witha Ry, of ~100 nmand >1 m appear
in the bottom distribution already 2.5 min after Tb-Xo4 injection. Crystallization assays performed
with both batches were transferred from the XtalController to a Linbro plate for incubation. ( C) Images
showing resulting crystals after 9 months before harvesting for data collection. The crystal marked by
an arrow was used to collect the dataset presented in Table 1.

3.3. Characterization of Crystals Grown in the XtalController

The quality of PhaCCA and HEWL crystals grown using the XtalController was assessed by
X-ray di raction. Crystals of PhaCCA were analyzed under cryogenic conditions at the FIP-BM30A
synchrotron beamline (ESRF, Grenoble, France). Table 1 shows excellent statistics for such a crystal
leading to a complete di raction dataset at 2.28 A resolution. The signal extended isotropically up
to 1.8 A (not shown) as for our best data collected on a much stronger beamline installed on an
insertion device (PROXIMA2A, SOLEIL, Saint-Aubin, France). Here, data were truncated because of
the presence of two di raction rings at resolutions of about 1.9 and 2.15 A. They were probably due to
suboptimal cryocooling of the solvent and signi cantly altered the statistics in the high resolution shell
(<2.2 A). However, the resulting electron density maps are extremely clear and allowed us to observe
two phosphate ions (Figure 6A) of the crystallant bound to the surface of this RNA binding enzyme.

Lysozyme crystals were analyzed at room temperature using the X-ray lab source from the
INSTRUCT-FRISBI platform at the IGBMC (lllkirch, France). A fast data collection was applied using
an EIGER pixel detector to collect complete anomalous data before crystal decay. The TB* ions gave a
strong anomalous signal at 1.5418 A (f” of 9 electrons at the CuK wavelength). The dataset collected
at 1.51 A resolution (Table 1) allowed the identi cation of three anomalous peaks corresponding to
Th3* sites, a major site with an occupancy of g = 0.8 for which the ligand could be built, and a minor
site with two alternate positions (Figure 6C). These sites are consistent with those described in PDBid
6F2I determined with an HEWL crystal grown in 0.8 M NaCl and 100 mM Th-Xo4 [ 20]. The two
Tb3* positions corresponding to the minor site have a low occupancy (q = 0.2 and 0.4) and no visible
ligand, which is also consistent with the low concentration of Th-Xo4 (10 mM) providing a ratio of two
Th-Xo4 complexes for one lysozyme molecule. This concentration seems to be su cient to trigger the
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association of lysozyme particles, nucleation and subsequent crystal growth, but not to guarantee a
full occupancy in the crystal lattice.

Figure 6. 3D structures of PhaCCA and HEWL crystallized in the XtalController. ( A) Overall structure
of PhaCCA and close-up on a phosphate, an acetate and two glycerol molecules bound to the enzyme
surface. The blue2mFo-DFcmap is contoured at 1.2 . (B) View of tetragonal crystal packing of HEWL
seen down the four-fold axis. One lysozyme monomer is represented with a Th-Xo4 complex bound to
its surface. Symmetry related monomers are depicted in line mode. The anomalous di erence map
shown in orange is contoured at 5  and indicates the presence of TE** ions (red spheres) as well as
sulfur atoms. (C) Zoom on the Th-Xo4 binding sites. The side chain of Asp101 directly coordinates the
Th3* of the major site for which the organic ligand (in yellow) is partially visible in the blue ~ 2mFo-DFc
map contoured at1 . The anomalous di erence map depicted in orange and red is contoured at 5 and
20 , respectively, and highlights the strong anomalous signal of Tb 3* ions. Two alternate positions are
observed but their ligand is not visible due to low occupancy. The two adjacent Th-Xo4 sites constitute
a bridge (molecular glue) between the green and blue lysozyme monomers.

4. Conclusions

In the perspective of emerging time-resolved studies of enzyme:substrate systems using SFX and
XFEL facilities, it becomes increasingly important to gain more control over sample production, quality
and reproducibility. These two examples of enzyme crystallization highlight the usefulness of the
XtalController to monitor the evolution of crystallization assays and to act on the process. Beyond
helping de ne and optimize crystallization conditions, the XtalController and its integrated DLS
module may also be an ideal tool to:

- Explore phase diagrams of biomolecules with a direct feedback on nucleation events;
- Study the stability of biomolecules in solution with respect to various parameters such as
temperature, pH, ligands, etc.;
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- Determine the optimum conditions for introducing a cryoprotectant;

- Ensure the reproducibility of crystals in the context of structural biology investigations, rational
drug design, and fragment-based screening.

- Produce calibrated nanocrystals on demand (di cult to monitor and control otherwise) for
di raction analyses using X-ray free electron lasers and ED, or, conversely, to promote the
selective growth of large crystals for neutron di  raction.

More generally, this type of versatile instruments provides a more rational approach to
crystallization and a great alternative to extensive blind screening. We do believe that this technology
has a bright future.
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CCA-adding enzymes are highly speci c RNA polymerases that add and maintain the sequence C-C-A at
tRNA 3*-ends. Recently, we could reveal that cold adaptation of such a polymerase is not only achieved at
the expense of enzyme stability, but also at the cost of polymerization delity. Enzymes from
psychrophilic organisms usually show an increased structural exibility to enable catalysis at low

temperatures. Here, polymerases face a dilemma, as there is a discrepancy between the need for a tightly
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controlled exibility during polymerization and an increased exibility as strategy for cold adaptation.
Based on structural and biochemical analyses, we contribute to clarify the cold adaptation strategy of
the psychrophilic CCA-adding enzyme from  Planococcus halocryophilus a gram-positive bacterium thriv-
ing in the arctic permafrost at low temperatures down to
enzyme from the thermophilic bacterium
adaptation - a signi cantly reduced amount of alpha-helical elements in the C-terminal tRNA-binding

15 C. A comparison with the closely related
Geobacillus stearothermophilusreveals several features of cold

SAXS region and a structural adaptation in one of the highly conserved catalytic core motifs located in the

Psychrophilic RNA polymerase

N-terminal catalytic core of the enzyme.

2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY license ( http://creativecommons.

org/licenses/by/4.0/ ).

1. Introduction

Psychrophilic  bacteria are dened as cold-adapted
microorganisms thriving at temperatures below 15 C and tolerating
0 C[1]. To be functional at temperatures at the freeze point or
below, enzymes of such psychrophiles require speci c evolutionary
adaptations [2]. A widespread strategy is the destabilization of
the enzyme/substrate complex to reduce the required activation
energy [3-5] . However, such a destabilization is based on a higher
structural exibility of the enzyme, resulting in an increased tem-
perature sensitivity of cold-adapted enzymes [4]. In general,
enzymes do not rely on a uniform strategy for cold adaptation.
Rather, structural exibility can be achieved by a number of factors
ranging from a decreased content of secondary structure elements
to extended loop regions. In addition, the amount of disul de
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unistra.fr (C. Sauter).
1 These authors contributed equally to the work.
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bridges, electrostatic interactions and hydrogen bonds can be
reduced, while amino acids promoting exibility (glycine) or
interfering with helix formation (proline) are enriched
[3,4,6-10].

In DNA and RNA polymerases, a de ned conformational exibil-
ity is of vital importance for proper function and correct nucleotide
addition [11-14] . Accordingly, an increased exibility as a strategy
for cold adaptation might interfere with polymerization speed and
delity. A highly specialized RNA polymerase with an outstanding
accuracy is the CCA-adding enzyme (tRNA nucleotidyltransferase)
that adds and maintains the triplet sequence C-C-A at the 3 2end
of tRNAs [15-17]. As members of the polymerase b group,
CCA-adding enzymes are classi ed into class | (archaeal enzymes)
and class Il (bacterial and eukaryotic enzymes) [15,18,19]. During
synthesis of the CCA sequence, the latter group exhibits de ned
structural rearrangements in the catalytic core that are required
for correct NTP recognition and restricted addition of three posi-
tions [12,14]. Both CTP and ATP are bound in a single nucleotide
binding pocket, where highly conserved amino acid residues form
Watson-Crick-like hydrogen bonds to the base moiety of the

2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Biotechnology.
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incoming NTP [20] . To switch from CTP towards ATP incorporation,
a de ned reorientation of these residues is required in order to
accommodate the ATP in a highly selective way. As these
coordinated movements of the enzyme are essential for a correct
and efcient CCA-addition, the increased enzyme exibility
required for activity at low temperatures leads to a conict
between cold adaptation and proper polymerization. Recently,
we could show that the CCA-adding enzyme from  Planococcus
halocryophilus (PhaCCA), a bacterium from the arctic permafrost
growing at =15 C [21], is such a cold-adapted enzyme and
catalyzes CCA-addition in vitro down to O C [22]. Interestingly,
both the N-terminal catalytic core as well as the C-terminal
tRNA-binding region are adapted to the cold, indicating that the
psychrophilic features are not restricted to a single protein domain,

but are distributed over the whole enzyme. In addition, and consis-
tent with the features of many cold-adapted enzymes, PhaCCA
shows a decreased thermal stability. However, the price to be paid
for this cold adaptation is not only a structural destabilization, but
also a signi cant reduction in polymerization delity [22] . Here,
we present biochemical and structural data contributing how the
psychrophilic CCA-adding enzyme from P. halocryophilus is
adapted to such low temperatures. Our results reveal that a
combination of individual strategies — a global exibility in the
tRNA-binding C-terminus as well as a thermal adaptation in the
highly conserved catalytic core motif C controlling interdomain
movements during CCA-addition — contribute to the remarkable
cold adaptation of this unusual RNA polymerase.

2. Materials and methods
2.1. Expression of recombinant enzymes

For biochemical analysis, the coding regions of interest were
cloned into pET30Ek/Lic and recombinant enzymes were expressed
as previously described with N-terminal 6xHis—tag in E. coliBL21
(DE3) cca::cam, lacking the endogenous CCA-adding enzyme in
order to avoid any contaminating background CCA-adding activity
[22] . Point mutations were introduced into the coding sequence of
P. halocryophilus CCA-adding enzyme by site-directed mutagenesis
using mutagenic primer pairs. Generation of the loop chimera was
achieved via ampli cation of the respective loop coding region
from the G. stearothermophilus CCA—adding enzyme gene to obtain
a megaprimer for QuikChange site-directed mutagenesis in the
PhaCCA open reading frame [12,22] .

The pETDuet constructs provided both T7 promoter-based
expression of E. coliRNase T as well as an autonomous expression
platform including the native  ccapromotor for comparable expres-
sion of the recombinant tRNA nucleotidyltransferase and were
established for in vivo complementation in E. coli strain JM109
(DE3) cca::cam as described [23] . Transformants were streaked in
sectors onto LB agar plates supplemented with ampicillin
(100 ng ml ') and were incubated for 2 days at the indicated
temperatures.

2.2. Preparation and biochemical analysis of P. halocryophilus CCA-
adding enzyme

Puri cation of the recombinant enzyme was done according to
Ernst et al. [22] and stored at 4 C in 50 mM TRIS/HCI, pH 7.5,
200 mM NaCl, 5 mM MgCl ,. Protein concentrations were
determined using a NanoDrop ND-1000 spectrophotometer with
extinction coef cients deduced from their amino acid composition
(https://web.expasy.org/protparam/ ). Samples were ultracen-
trifuged for 1 h at 100,000 g prior to any further analysis or
experiment, and their homogeneity at 20 C was systematically
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veri ed by dynamic light scattering (DLS) using a Zetasizer Nano
ZS instrument (Malvern) and a 20 m quartz cuvette. The reported
particle diameter corresponds to the Z—average for at least 5 mea-
surements while tting a unimodal distribution, as implemented

in the instrument. In vitro CCA incorporation and CD spectroscopy
were performed as described [22].

2.3. Electrophoretic mobility shift assay (EMSA)

Electrophoretic mobility shift assays were performed as recently
described with minor deviations  [24,25]. 0.3 pmol a—>2P-ATP-
labeled yeast tRNAPM lacking the CCA-terminus was heated for
2 min at 90 C, cooled down to room temperature and incubated
with 0 to 5 nM enzyme in 50 mM glycine/NaOH (pH 8.5), 10 mM
MgCl, and 2 mM DTT for 10 min at temperatures where the
enzymes show signi cant activity (4 C and 30 C for PhaCCA and
37 C for GsiCCA)[22] . After addition of 80% m/v glycerol to a nal
concentration of 18.5% m/v, tRNAs were separated on a 5% m/iv
native polyacrylamide gel for 60 min at 3 W and 4 C. To visualize
complexed and free tRNA substrates, a Typhoon 9410 phosphorim-
ager was used (Cytiva, Freiburg, Germany). Determination of the
approximate dissociation constant of GsiICCA was performed by
nonlinear regression using GraphPad Prism 7.

2.4. Crystallization of PhaCCA

PhaCCA crystals were obtained as described [26] . First diffract-
ing crystals were grown by counter diffusion (CD) in capillaries
plunged in 3 M ammonium sulfate, 0.1 M sodium acetate, pH
5.0, from a commercial CD kit (Triana Science & Technologies).
Their diffraction patterns extended to a maximum of 2.65 A and
presented an ice-ring at about 3.7 A. To improve data quality,
another condition (1 M diammonium hydrogen phosphate,
100 mM sodium acetate pH 4.5) was used in combination with
microseeding [26] .

The seed stock was prepared as follows: three droplets of 1 m
containing large number of small crystals (<50 nmm) were pooled,
resuspended and crushed in 10 m of the former solution with a
standard P10 pipette. Large crystals (150-300 mm) were grown at
20 Cin 24-well plates (NeXtal Biotechnologies) within 1-3 weeks
in 1-2 m droplets made of 1/10th of seed stock, 4/10th of PhaCCA
and 5/10th of reservoir solutions (in volume ratio).

Prior to data collection, crystals were soaked for 30 s in the reser-
voir solution supplemented with 20% m/v glycerol, mounted in
MicroLoops (MiTeGen) and cryocooled in liquid nitrogen, except
crystals grown by CD in ammonium sulfate which were directly cry-
ocooled in their capillary. Crystals of enzyme:ligand complexes
were obtained by a preliminary 30 s soaking in the mother liquor
containing either 5 mM of CTP or 10 mM of CMPcPP (non-
hydrolyzable CTP analog; Jena Bioscience, catalog number NU-
438S).

2.5. Crystallographic analysis of PhaCCA

Crystal characterization was performed at X06DA beamline,
Swiss Light Source (Villigen, Switzerland), equipped with a PILATUS
2 M detector or at Proxima 1 beamline, Soleil synchrotron (Saint-
Aubin, France), equipped with an Eiger 16 M detector. All data sets
were processed and scaled with the XDS Package (Kabsch, 2010),
see statistics in Table 1. A selection of 5% of re ections was put apart
and used throughout re nement to calculate the R—free value.

The anomalous signal of sulfur atoms present in the native pro-
tein (which contains 11 methionine residues, no cysteine) was
exploited to determine a set of initial phases using Autosol from
PHENIX package [27,28] . A complete model was built and re ned
with Autobuild and Phenix_re ne.
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Table 1
Data collection and re nement statistics.
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CCA-adding CCA-adding CCA-adding CCA-adding CCA-adding

enzyme SSAD enzyme enzyme + CTP enzyme + CMPcPP enzyme + AS
X-ray beamline SLS - PXIlI PROXIMA1 PROXIMA1 PROXIMA1 SLS - PXIIl
Wavelength (A) 2.075 0.9786 0.9786 0.9786 1.000
Temperature (K) 100 100 100 100 100
Detector Pilatus2 M F Pilatus 6 M Pilatus 6 M Eiger 16 M Pilatus2M F
Space group P4(3)2(1)2 P4(3)2(1)2 P4(3)2(1)2 P4(3)2(1)2 P4(3)2(1)2
a, c(A) 69.79, 291.21 70.03, 291.59 70.38, 291.49 69.711, 290.342 70.0, 292.2
Solvent content (%) 66.6 66.8 67.2 67.2 66.9
Mean mosaicity ( ) 0.08 0.04 0.05 0.11 0.18
Resolution range (A) 50 — 2.25 (2.31 — 2.25) 49 — 1.80 (1.91 — 1.80) 50 — 1.85 (1.96 — 1.85) 50-2.2(2.34-2.2) 50 — 2.80 (2.9 — 2.80)
Total No. of re ections 5,020,925 (116071) 890,444 (139573) 776857(123819) 965,891 (160098) 1,036,294 (104514)
No. of unique re ections 64,470 (4607) 68,555 (10787) 63965(10146) 37,600 (5903) 18,615 (1819)
Completeness (%) 99.0 (96.2) 99.9 (99.3) 99.8 (99.2) 99.8 (99.3) 98.6 (100.0)
Redundancy 78 (25) 13 (13) 12 (12) 25.7 (27.1) 55.7 (57.5)
R/T ()i 30.7 (0.9) 19.5 (0.7) 22.1 (1.0) 16.84 (1.98) 21.3 (3.1)
Rmeas (%) 17.0 (311.3) 7.4 (264.8) 6.9 (239.4) 15 (161.6) 25.8 (204)
CC1/2 (%) 99.9 (42.5) 100 (59.0) 100 (45.1) 99.9 (78.6) 99.9 (100.0)
B factor from Wilson plot (A 2) 47.1 44.8 45.0 50.9 59.4
Re ections in working/test sets 34,968/1686 68,408/3420 63,868/3195 35,845/1886 17,701/901
Final Ryork/Riree (%) 18.9/21.1 20.7/23.2 20.2/21.9 20.6/24.2 22.0/25.6
No. of non-H atoms 3251 3310 3398 3214 3030
Protein/solvent/ligand/ion 3062/147/42/0 3043/238/29 3072/268/58/0 3005/99/145/0 2089/21/20/0
R.m.s.d. bonds (A)/angles () 0.008/0.96 0.007/0.794 0.008/0.979 0.011/1.11 0.009/1.05
Average B factors (A?) 48.2 44.0 44.0 51.9 53.3
biomolecule/solvent (A ?) 48.0/49.9 142.5 145.9 51.3/52.7 53.2/46.9
Ramachandran plot regions: 98.4/1.4 99.0/1.0 99.0/1.0 98.4/1.4 98.1/1.7

most favored, allowed (%)

PDB id 70TR 6QY6 6QXN 70QX 70TL

Other structures were obtained by molecular replacement using
the sulfur-SAD model in Phaser [28] and Coot [29] for manual
inspection and rebuilding. They were all re ned using isotropic
Atomic Displacement Parameters (ADPs) and TLS (translation/li-
bration/screw) constraints. Water molecules were added where
appropriate, as well as small molecules present in the mother
liquor (glycerol, TRIS, acetate, phosphate, sulfate ions). While CTP
appeared in a single conformation, two conformations were neces-
sary to model the electron density present in the active site of the
enzyme in the case of CMPcPP.

In all models, the residue Val215 was systematically slightly off
the Ramachandran and agged as an outlier due to a local loop con-
formation. Also, no density could be observed for the sidechain of
His35 in the neighborhood of the CTP binding pocket, as well as
for the last four residues (374-377) and residues from the N—termi-
nal expression tag (43 residues including the 6xHis-tag). Model
building started between position 4 and 2 (corresponding to
aspartic acid residues) depending on the quality of the electron den-
sity map. Structure analysis and molecular representations were
performed with PyMOL Molecular Graphics System, Version 2.4
(Schrodinger, LLC). Structure-based sequence alignments and 2D
structure analysis were performed using ENDscript webservice

2.6. Small-angle X-ray scattering (SAXS)

SAXS experiments were performed on the SWING beamline at
synchrotron SOLEIL (Saint-Aubin, France). The beam wavelength
was k = 1.033 A. The Eigerx4M detector (Dectris) was positioned
at a distance of 2,000 mm from the sample with the direct beam
off-centered. The resulting exploitable g-range was 0.005 —
0.5A 1, where the wave vectorq =4 p sin h/k and 2his the scattering
angle.

A PhaCCA solution (60 m at a concentration of 2.9 mg/ml) was
loaded onto a size exclusion column (Bio SEC-3 with 300 A pore
size, Agilent Technologies) and SAXS measurements were per-
formed throughout elution operated at 15 C and a ow rate of
0.3 ml/min with a mobile phase containing 100 mM HEPES/NaOH,

[30] .
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pH 7.5, 150 mM NaCl and 10 mM MgCI ,. The eluate was analyzed
by SAXS in a continuous ow capillary cell with a frame duration of
990 ms at intervals of 10 ms. Data processing, interpretation, Rg
evaluation over elution proles were performed using Foxtrot
[31] and data analysis (determination of Rg, Dmax) with the ATSAS
package [32] . A complete model including the N—terminal exten-
sion was generated using Modeller [33] based on the crystal struc-
ture. It was re ned under SAXS constraints using DADIMODO  [34],
a genetic algorithm-based re nement program, to better t the
SAXS pro le owing to a goodness—of-t calculated with CRYSOL
[35] . Graphics were prepared with LibreOf ce Draw (The Docu-
ment Foundation) and BioXTAS-RAW [36] .

2.7. Nanoscale differential scanning uorimetry (nanoDSF)

Comparative thermal stability assays were carried out by
nanoDSF in a Prometheus NT.48 instrument (NanoTemper Tech-
nologies). CCA-adding enzymes were incubated on ice at a concen-
tration of 10 nM in their storage buffer, alone or in the presence of
30 nM of either ATP, CTP or GTP 15 min prior to experiment. Glass
capillaries were lled with 10 | | of each solution and deposited on
the sample holder. Excitation wavelength was set to 280 nm and
intrinsic tryptophan uorescence was recorded at 330 and
350 nm at temperatures ranging from 20 to 95 C (1 C/min, 1 mea-
surement per 0.044 C). Corresponding rst derivative plots were
calculated using the manufacturer's software (PR.ThermControl,
version 2.1.2) to determine melting temperature (Tm), along with
those of the scattering signal highlighting the unfolding of the
proteins.

3. Results
3.1. Structural characterization of PhaCCA
In order to investigate the structural properties of ~ PhaCCA lead-

ing to cold adaptation, crystals of the corresponding recombinant
enzyme were grown. The crystallized construct consisted of the
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P. halocryophilus wild type sequence (377 amino acids) with an N—
terminal extension of 43 residues including a 6xHis af nity tag.
First crystals of PhaCCA were obtained in the presence of ammo-
nium sulfate as crystallant and diffracted to a maximum resolution

of 2.8 A [26] . They were used as seeds to screen for new conditions
and led to crystals with similar cell parameters and symmetry (see
Table 1) but showing signi cantly improved diffraction properties
(extending to a resolution of 1.8 A) in the presence of PEG 3350 or
diammonium hydrogen phosphate. The latter crystallant was
selected in combination with microseeding to ensure a repro-
ducible crystal production [26]. Sulfur-SAD data collection was
performed to determine a set of phases and calculate an experi-
mental electron density map, which allowed to automatically
build > 90% of PhaCCA residues (Fig. S1IA-B) and revealed the char-
acteristic architecture of bacterial and eukaryotic CCA-adding

enzymes (Fig. 1) and its seahorse shape popularized by Li etal. [20].

An ensemble of ve structures was determined under cryocon-
ditions, in apo state or in complex with a substrate in the presence
of various salts ( Fig. SIC-E). All crystals showed a high solvent con-
tent (67%) with one enzyme monomer in the asymmetric unit. The
re ned structures are very similar, showing a root mean-square
deviation (rmsd) ranging from 0.16 to 0.22 A (for 370 superimposed
Ca positions) when compared to the reference apo structure solved
at the highest resolution ( Fig. S2. Their N—terminal extension is
disordered and the rst visible residue varied from position

4to 2 atthe end of the extension. The four C-terminal residues
(HSHT) are also disordered, as well as the central part of the exible
loop (residues 82—93) in the head domain, except for the complex
with CTP where it is clearly visible ( Fig. SIC).

Fast crystal soaking (30 s) with CTP or its non-hydrolyzable ana-
log prior to cryocooling readily led to the binding of the ligand in

Fig. 1. Structural organization of psychrophilic
the characteristic seahorse shape similar to that described by Li et al.
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the enzyme’s catalytic site ( Fig. S3. In contrast, soaking or co—crys-
tallization attempts with ATP were not successful.

Early crystal structures of CCA-adding enzymes from G.
stearothermophilus and H. sapiens were reported as dimers
[20,37], but dimer interfaces were differing, and the existence of
a functional dimeric enzyme has never been con rmed. PhaCCA
is unambiguously monomeric in its crystalline state as well as in
solution, as shown by SEC and SAXS analyses (Fig. 1B). Gyration
radius Rg derived for PhaCCA from the Guinier plot is 30.7 A
(Fig. S4), in agreement with the theoretical value calculated for
the crystal structure of the monomer (28.2 A) to which a exible
N-terminal extension is appended. Also, the Kratky plot is consis-
tent with a molecule showing compact multidomain core and a
exible tail ( Fig. S4).

3.2. Psychrophilic adaptation of PhaCCA

PhaCCA was compared to a close homolog from Geobacillus
stearothermophilus (GstCCA), a bacterium belonging to the order
of Bacillaleslike P. halocryophilus[20]. The obtained thermal stabil-
ity pro les determined by NanoDSF are typical for psychrophilic
and thermophilic enzymes with Tms of 43 Cvs 73 C, respec-
tively ( Fig. 2). These values are consistent with Tm values obtained
by CD ([22] and below). The slight Tm variation observed between
the two methods is likely due to the fact that they track different
steps of unfolding (the loss of 2D structures in CD, the increase
of solvent exposure and resulting uorescence quenching of aro-
matic residues in NanoDSF) and was already described for other
enzymes [38] . Because small ligands can potentially stabilize a pro-
tein fold upon binding and induce an increase in Tm, the analysis
was reproduced in the presence of nucleotides. However, no

PhaCCA. A) Crystal structure of PhaCCA in complex with CTP determined at 1.85 A resolution. The enzyme monomer presents
[20], with its head, neck, body and tail domains depicted in red, orange, green and blue, respectively. B)

Solution structure of PhaCCA including the enzyme core (dark blue) and the exible 43 residues long N—terminal expression tag (cyan). The theoretical SAXS pro le (red line)

corresponding to this monomeric model is in good agreement with the experimental data (blue dots), as indicated by the goodness-of- t (

V?). The error-weighted residual

difference plot DI/T = [lexy(d) — Imodel(@))/ T (9) is given at the bottom. (For interpretation of the references to colour in this gure legend, the reader is referred to the web

version of this article.)
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Fig. 2. Comparison of PhaCCA and GstCCA thermal stability by NanoDSF. A) Representative curves are shown for the two apo enzymes with the variation of uorescence at

330 and 360 nm, as well as the scattering signal, whose increase con rms protein unfolding. Melting temperatures (Tm) correspond to the in ection poi
derivatives. B) Tm values in the absence and presence of nucleotides, and associated standard deviations calculated as the mean of three values (Tm fr

uorescence and from scattering) for at least 3 independent samples.

signi cant effect was observed with the natural substrates CTP and
ATP or with GTP, which is not supposed to bind. Still, it can be an
indication that CTP and ATP binding does not induce conforma-
tional changes large enough to alter the enzyme’s stability (see
Fig. S4).

The structures of PhaCCA and GsiCCA were compared to track
signs of structural adaptation to cold. As shown in  Fig. 3, they
can be easily superimposed with an RMSD of 2.3 A (taking into
account 360 Ca positions). The sequence alignment in Fig. 3 illus-
trates the high sequence similarity in the N—terminal region, where
the catalytic core is located in the head and neck domains, display-
ing the characteristic motifs A to E, as well as a exible loop
between motifs A and B. In this region, the two structures show
comparable 2D structure contents with 58.8% and 59.0% of resi-
dues located in alpha-helical elements ( Table 2). In contrast, the
C-terminal region, encompassing the body and the tail domains
and constituting the tRNA binding site, is much less conserved
and its helix content (alpha and 3 ;¢ helices) shows a clear 14% drop
in PhaCCA (71.7%) compared to GStCCA (86.1%) {Table 2). An exam-
ple of drastic helix reduction is illustrated in Fig. 3, with complete
helices replaced by aloop in PhaCCA at the junction of the neck and
the body domains, as well as in the body. To investigate whether
this alpha-helical reduction affects the af nity of PhaCCA to a tRNA
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substrate, electrophoretic mobility shifts were performed ( Fig. SH.
For GstCCA, an interaction with a tRNA substrate was clearly visi-
ble, resulting in a Kd value of approximately 1.3 M, comparable
to that of other class Il CCA-adding enzymes [24,25]. In contrast,
no gel shift was visible for PhaCCA, indicating a reduced tRNA
interaction that does not allow a calculation of a binding constant.
Taken together, while the reduced number of alpha-helices in the
tRNA-binding C-terminus seems to decrease the substrate af nity

of PhaCCA, it is likely to represent - in combination with elongated
loop elements - a main feature of cold adaptation that provides the
increased structural exibility observed in this enzyme [22] .

In contrast, the N—terminal catalytic core seems to retain all
sequence and structure characteristics of bacterial CCA—adding
enzymes. Yet, our previous investigations clearly indicated that
this enzyme region also contributes to the psychrophilic adapta-
tion of PhaCCA[22] . As structural exibility is a prominent prereq-
uisite for cold adaptation, we focused on regions in the N—terminal
catalytic core that participate or contribute to structural rearrange-
ments during CCA-addition, in particular the nucleotide binding
pocket [20], the exible loop [39] and the hinge element of motif
C[12].

When the PhaCCA crystals were soaked with CTP or a non-
hydrolyzable CTP analog, the diffraction patterns of the resulting
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Fig. 3. Structural adaptations in the psychrophilic CCA-adding enzyme. On the left, the structural alignment of the PhaCCA enzyme (with its domains colored as in  Fig. 1) and
its thermophilic homolog  GsiCCA[20] depicted in light blue, reveals typical cold adaptations in its structure. Examples of shorten alpha-helical elements in PhaCCA are boxed
in blue (the dashed box highlights helix a5 in motif C discussed in Fig. 5). As illustrated by the close-up views on the right, the helix allinregion A at the junction of the neck
and body is replaced by a loop, while in region B in the body domain helices a15-16 are drastically reduced. These variations in helical regions can be easily spotted in the 2D
structure elements presented above the sequence alignment for each structure (see labels A, B). Strictly conserved residues are highlighted in blue , similar residues in red.
Catalytic core motifs A to E and the exible loop (FL) are indicated. Asterisks indicate helix-capping residues R137 and R138 of GsICCA. (For interpretation of the references to
colour in this gure legend, the reader is referred to the web version of this article.)

co—crystals revealed an orientation of the bound nucleotide that chrophilic enzymes, excluding a prominent role in temperature
is identical to that found in the corresponding GstCCAJ/CTP struc- adaptation.

ture [20] (Fig. 4 and S4). Hence, the shape of the nucleotide A comparison of the apo enzyme with the two complexes shows
binding pocket with the base-recognizing residues EDxxR of that CTP binding does not involve any conformational change and
motif D does not differ between the thermophilic and the psy- the substrate is almost accommodated in a key-and-lock manner
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Table 2

2D structure content of psychrophilic and thermophilic enzymes.
Enzyme PhaCCA GsiCCA
PDB id 6QY6 1IMIW
Total number of residues 377 404
Number of residues in helices ( @ and 3) 241 280
Number of residues in b-strands 37 39
Number of residues in 2D structures 278 319
% of residues in helices overall 63.9 69.3
% of residues in b-strands overall 9.8 9.7
% of residues in 2D structures overall 73.7 79.0
% of residues in helices in head + neck 58.8 59.0
% of residues in helices in body + tail 717 86.1

Fig. 4. A highly conserved CTP binding pocket. Close-up views of the catalytic core
of PhaCCA (A) and GstCCA (B) in the presence of CTP. Highly conserved residues
with side chains contacting the nucleotide are indicated. Water molecules are

represented as blue spheres and magnesium ion boundto  GstCCA as a green sphere.

No magnesium site could be identied in  PhaCCA structure. The dense network of
interactions (with a distance < 4 A) between protein side chains and the substrate is
symbolized by dashed lines. Four side chains indicated in italics interact directly
with the nucleobase and constitute the amino acid template in motif D: two couples

of Arg/Asp residues, one forming a stacking platform below the base, the second
making three hydrogen bonds indicated by green dashed lines with the Watson-
Crick face of CTP. The latter residues are hold in place by additional connections to
surrounding side chains. In both structures, the orientation of the CTP is almost
identical and the amino acid template of motif D forms the same interactions to the
bound base moiety, indicating that the templating function is not speci cally cold
adapted in PhaCCA. (For interpretation of the references to colour in this gure
legend, the reader is referred to the web version of this article.)

(Fig. S4). This is in agreement with the very low RMSDs between
the different structures ( Fig. S2.

As indicated above, our attempts to obtain  PhaCCA crystals with
ATP remained unsuccessful, and the ATP-bound state that could
have been compared to the GstCCA:ATP complex was not observed.

The reorganization of the amino acid template in motif D during
the speci city switch from CTP to ATP binding is mediated by a
exible loop element [39,40]. It is discussed that this element,
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located between motifs A and B, acts as a lever to adjust the
base-pairing amino acids for adenine interaction after the addition
of two C residues to the tRNA substrate [41,42]. To investigate a
possible contribution of the exible loop to cold adaptation, we
replaced this element in PhaCCA by the corresponding region of
the thermophilic GstCCA enzyme (Fig. SEA). While the loop
sequence itself is not very conserved [41], itis anked by constant
sequence elements, allowing the identi cation of compatible
fusion sites in both enzymes. As the N-terminal border, we
selected the position separating the basic and the acidic residue
in the conserved B/A motif ( PhaCCA: T81,GsiCCA: T85), while the
C-terminal border was the last variant position of the loop region
(PhaCCA: L98,GstCCA: R102), resulting in the loop chimera PGRCCA
(PGP: rst and last character describe the origin of the enzyme
body, the second character indicates the origin of the loop)
(Fig. 5B and S5B). CD spectral analysis of the recombinant protein
revealed no differences in overall secondary structure compared to
the parental enzymes. In addition, PGRCCA was fully active in vitro
and added a complete CCA triplet on a yeast tRNA P transcript, a
standard substrate for in vitro CCA-addition (Fig. S7). These data
indicate that the loop replacement did not interfere with proper
protein folding and catalytic activity. To determine a possible
impact on thermal stability, unfolding of the PGRECA chimera
was investigated by CD spectroscopy at 222 nm over a temperature
gradient ranging from 0 to 90  C [22]. With a denaturation curve
identical to that of PhaCCA, the chimera showed no differences to
the parental enzyme ( Fig. SEC). These data show that the exible
loop apparently does not contribute to the cold adaptation of the
PhaCCA enzyme.

The third N-terminal element contributing to exibility is motif
C, aregion acting as a spring element involved in the reorientation
of head and neck domains during CCA-addition [12]. The sequence
alignment exhibits a high degree of similarity between PhaCCA and
GsiCCA (igs. 3, 5B). The side chain of a strictly conserved
aspartate — D124/D128 in  PhaCCAIGSICCA, respectively — makes a
stabilizing interaction with the backbone of the two N—terminal
residues of helix a5. This feature is described as helix-capping
and is known to contribute to protein stability [43-45] . At the
opposite extremity of this helix, the two arginine residues (R137,
R138) interact with E134 in the crystal structure of GsiCCA. This
corresponds to another feature of helix capping with side chains
of amino acids at positions C1 and C2, stabilizing the alpha—helical
structure through interaction with amino acids within the helix
[46,47] . In the thermophilic GsiCCA, the C1 and C2 residues form
ionic bridges with E134 ( Fig. 5B). This feature is absent in PhaCCA,
where the arginines are replaced by K133 and N134. To investigate
a potential cold adaptation of motif C in  PhaCCA in more detail,
K133/N134 in PhaCCA were replaced by the corresponding GstCCA
positions R137 and R138, resulting in PhaCCA-RR Fig. 5A). Similar
to the loop chimera, PhaCCA-RR was catalytically active in CCA-
addition, and CD spectral analysis indicated that its structure does
not deviate from that of the corresponding wild type enzyme
(Fig. S7). However, thermal denaturation analysis revealed that
the two helix-capping arginines from  GsiCCA lead to a stabilization
of the PhaCCA structure, increasing the melting temperature by
approximately 4 C (Fig. 5C). It is interesting to note that the stabi-
lizing effect of single amino acids in motif C has also been observed
for the structurally related human CCA-adding enzyme. Here,
replacement of aspartate at position 139 by alanine abolished the
N-terminal helix capping and led to a strongly reduced A—adding
activity [12]. Taken together, whereas the nucleotide binding
pocket appears unchanged and the exible loop is not involved in
cold adaptation of PhaCCA, the absence of C-terminal helix-
capping residues in motif C seems to contribute to psychrophilic
adaptation at the price of a simultaneously reduced tRNA substrate
binding.
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Fig. 5. Replacement of exible elementsin  PhaCCA by their thermophilic counterparts. A) Bar diagrams of  PhaCCA (blue) and GstCCA (red). Elements of the catalytic core are
indicated in grey. In  PhaCCA, the exible loop (FL) and motif C were replaced by the corresponding regions of =~ GsiCCA. B) INGStCCA, helix a5 in motif C (see Fig. 3) carries two R
residues that are absent in PhaCCA (left panel). This arginine pair stabilizes an alpha-helical element by a C-terminal helix-capping (right panel). Note the presence of a
conserved N-terminal helix-capping involving a strictly conserved aspartic acid of motif C. C) Thermal unfolding of CCA-adding enzymes and PhaCCA with introduced
arginine positions involved in C-terminal helix-capping. With a melting temperature of approximately 39 C,PhaCCA is a true psychrophilic protein (blue). Introducing the
helix-capping RR pair increases the melting temperature of PhaCCA-RR to 43 C (brown). GsiCCA shows a typical thermophilic pro le and melts at 73 C (red). (For
interpretation of the references to colour in this gure legend, the reader is referred to the web version of this article.)

3.3. Thermostabilizing effect of PhaCCA-RR is not suf cient in vivo Obviously, the structure-stabilizing effect of the helix-capping R
residues is not suf cient for proper activity at this temperature,
To investigate their temperature-dependent catalytic activity in and it is likely that other catalytically important regions of PhaCCA

a natural environment, both PhaCCA wild type and PhaCCA-RR suffer from subtle unfolding that abolish catalytic activity.
enzyme were subjected to in vivo complementation in a cca-de -

cient E. coli strain (Fig. 6). To this end, the corresponding genes 4. Discussion

were cloned into a previously described pETDuet-1-based dual
expression system [23]. This system allows to study an enzyme’s
ability to repair truncated tRNA CCA—ends. A catalytically inactive
version of the E. colienzyme (EcaCCA AxA) does not complement
and served as negative control when evaluating growth tness

CCA-adding enzymes constitute a speci ¢ class of RNA poly-
merases that function without nucleic acid template. They can
accommodate all tRNAs present in the cell to ensure that they

‘ & carry an intact 3 “CCA tail necessary for aminoacylation. Synthesis
behavior. Introduction of the PhaCCA constructs revealed that both of this CCA sequence is accompanied by conformational changes in

PhaCCA wt and PhaCCA-RR promote growth at 30 C. To examine  the enzyme to correctly position the tRNA for each polymerization
whether the increased thermostability of ~ PhaCCA-RR is re ected step and select the correct nucleotide [12-14] . This work provides
by a CCA-repair activity at elevated temperatures, transformants the rst detailed insight into the structure of a psychrophilic mem-
were incubated at 34 and 37 C. Interestingly, we observed no dif- ber of this polymerase family. Cold-living organisms are known to
ferences in growth behavior between wt and RR variant at the produce more exible enzymes in order to lower their activation
investigated temperatures. While both enzyme versions enabled energy [2] and the central question for CCA-adding enzymes is
the cells to thrive at 34  C, no growth was observed at 37 C. how this adaptation can be achieved without compromising the
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Fig. 6. Temperature-dependent activity of

37 C, however, the enzyme is not suf ciently active, indicating that the helix-capping effect does not provide enough stability to render the enzyme act
temperatures. EcdCCA,E. coli CCA-adding enzyme; DxD, catalytically active wild type enzyme; AxA, inactive

enzyme with K133R and N134R replacements; wt, wild type.

speci city of the reaction, which requires an accurate selection of
incorporated nucleotides. To address this question, we compared
the structural properties of the psychrophilic ~ PhaCCA and the ther-
mophilic GstCCA, both originating from bacteria belonging to the
order of Bacillales With a Tm difference of 30-34 C (Figs. 2, 5),
their thermal stability pro le is characteristic of their respective
ecosystem. Their evolutive proximity (39% sequence identity over-
all, 50% in the catalytic head and neck domains) allows to easily
spot 1D-2D-3D structural differences as illustrated in ~ Fig. 3. While
PhaCCA shows the characteristic shape of bacterial CCA-adding
enzymes, it also presents clear signs of cold adaptation. Over the
past two decades, a variety of psychrophilic enzymes has been
compared to their mesophilic and thermophilic homologs, show-
ing that the global reduction of the number of non-covalent inter-
actions (H-bonds and salt bridges) is a general hallmark of their
adaptation. This is commonly correlated with a loss of 2D structure
elements, a reduction of arginine residues involved in ion pairings
on the protein surface and of the size of non-polar side chains in
hydrophobic clusters as well as clusters of glycines instead of pro-
lines in loops in order to increase the exibility of enzymes and
their activity at low temperatures [2,7-9,48-53] . Variations in
amino acid composition, such as shifts from arginine to lysine or
proline to glycine, are not seen in PhaCCA, but the ratio of nega-
tively to positively charged residues is slightly increased, causing

a drop of pl to 6.1 (8.4 for GstCCA), which is another characteristic
of psychrophilic proteins. The most obvious feature is the reduc-
tion of helical structures ( Fig. 3) at the hinge between N- and C-
terminal regions of the enzyme, as well as in the C-terminal part
involved in tRNA interaction and positioning. The local weakening

of hydrogen bond network resulting from replacing helices by
loops certainly provides additional exibility to the body domain
and, considering its central position, to the whole enzyme, which
functions as a clamp or vise to position and check the tRNA sub-
strate status [54,55].

The N-terminal region is much more conserved and secondary
structure contents are very similar in ~ PhaCCA and GsiCCA. Hence,
this region confers substrate speci city and is responsible for the
catalytic activity. It is interesting to note that CTP binding occurs
without structural change ( Fig. S4) and the strict conservation of
the amino acids forming Watson-Crick-like hydrogen bonds to
the incoming nucleotide [20] excludes any cold speci ¢ adaptation
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PhaCCA-RRin vivo. PhaCCA-RR complements for the endogenous CCA-adding activity in E. coliat temperatures up to 34 C. At

ive at higher
EcdCCA variant; PhaCCA-RR,P. halocryophilus CCA-adding

of the nucleotide binding pocket. However, the speci city switch
from CTP to ATP is clearly affected. At 4 C, the Km value for ATP
incorporation is 64-fold higher than that of GSICCA, suggesting a
strongly reduced binding af nity for ATP ~ [22], in accordance with
the impossibility to soak this nucleotide in the crystalline enzyme.

This - as well as the observed reduced tRNA af nity - is also in line
with the common adaptation strategy of cold-adapted enzymes:

the destabilization of the enzyme/substrate complex leads to a
reduction of the required activation energy  [3-5] .

In bacterial and eukaryotic CCA-adding enzymes, different ex-
ible regions are important for highly coordinated movements dur-
ing nucleotide addition as well as to monitor the structural
intactness of the tRNA substrate [12-14,55]. To switch the
enzymes’ speci city from CTP towards ATP, the templating amino
acids of the nucleotide binding pocket need to be reoriented, which
demands for a rearrangement of the N—terminal region  [20,23,56—
58]. In this transition, the exible loop acts as a lever that forces
the amino acid template into its base-specic specic position
[39,41] . While similar surface-exposed exible loops are often tar-
gets for the thermal adaptation of proteins  [8], our data indicate
that the exible loop of PhaCCA does not contribute to its activity
in the cold.

In contrast, the second exible element motif C, which coordi-
nates interdomain rearrangements during catalysis, is an interest-
ing spot of adaptation [12]. It presents a C-terminal helix capping
in GsiCCA, while this stabilizing interaction is absent in  PhaCCA.
When C1 and C2 residues are restored, PhaCCA gains 4 C of Tm,
reinforcing the idea that the identity of these side chains con-
tributes to the cold adaptation of this enzyme. These results are
in line with data from other psychrophilic enzymes, where N- or
C-caps have been found to weaken alpha-helices in order to adapt
to low temperatures [6]. In addition, single amino acid substitu-
tions in the near active site of a psychrophilic adenylate kinase lead
to anincrease in T, by 8 C|[12,52]. In conclusion, our results
indicate that the highly conserved motif C is not only essential to
ensure proper CCA-addition, but is equally important to modulate
the temperature stability in psychro- and thermophilic enzymes.

Although the introduction of two helix-capping amino acids
from GsICCA into PhaCCA PhaCCA-RR) led to thermostabilization
of the PhaCCA variant in vitro, no such effect could be observed
when complementing under natural conditions in E. coli (Fig. 6).
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Possibly, the thermostabilizing effect observed in vitro is not suf -
cient for the rather stringent in vivo system demanding for an ef -
cient CCA-repair activity [23]. Further, motif C destabilization is
probably not the only cold adaptation in  PhaCCA, and additional
cumulative adaptations distributed over the whole protein render
the enzyme truly psychrophilic. As a result, such regions are obvi-
ously destabilized at increased temperature, and their unfolding
inactivates PhaCCA-RR, despite an increased stability of motif C
due to the introduced helix-capping arginine residues. This is sup-
ported by the fact that chimeric enzymes consisting of N- and C-
terminal halves from PhaCCA and GstCCA show temperature adap-
tations in both regions [22]. Such cumulative structural changes
involved in adaptation to temperature have also been reported
elsewhere, such as in isocitrate dehydrogenase, which - depending
on the respective bacterium - has up to three different regions con-
tributing to the thermal properties  [59] .

Taken together, the crystallographic and biochemical analysis of
the psychrophilic PhaCCA enzyme shows that cold adaptation is
not only achieved by the local uncapping of an alpha-helix in the
catalytic core but also by a general reduction of alpha-helical parts
in the C-terminus of this enzyme. While it is a point of debate
whether proteins are cold-adapted due to an increase in global or
local exibility [60,61], the CCA-adding enzyme of P. halocryophilus
seems to make use of both strategies.

5. Conclusion

Our structural data contribute to clarify the mechanism of cold
adaptation in the tRNA nucleotidyltransferase of  P. halocryophilus.
We conrm recent observations indicating that this enzyme
acquired increased exibility as a strategy for cold adaptation
[22] . The crystal structures reveal a globally conserved scaffold
with local adaptations to provide the structural plasticity compat-
ible with catalysis at low temperature. The clearly visible reduction
of helical regions appears in the less conserved C-terminal part of
the enzyme that shows promiscuous binding of all tRNAs as sub-
strates. The N-terminal catalytic core, however, which is catalyti-
cally active and shows high substrate speci city for CTP and ATP,
is only marginally affected, though lacking a helix-capping feature
that potentially brings 4  C of thermal stability. Further investiga-
tions will clarify whether other RNA polymerases follow a similar
adaptive strategy for ef cient synthesis in the cold.
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Determining optimal conditions for the production of well diffracting crystals is

a key step in every biocrystallography project. Here, a microRuidic device is
described that enables the production of crystals by counter-diffusion and their
direct on-chip analysis by serial crystallography at room temperature. Nine Onon-
model® and diverse biomacromolecules, including seven soluble proteins, a
membrane protein and an RNA duplex, were crystallized and treated on-chip
with a variety of standard techniques including micro-seeding, crystal soaking
with ligands and crystal detection by Ruorescence. Furthermore, the crystal
structures of four proteins and an RNA were determined based on serial data
collected on four synchrotron beamlines, demonstrating the general applic-
ability of this multipurpose chip concept.

1. Introduction

Crystallography plays a central role in contemporary biology
because it enables the visualization of the 3D architecture of
biological macromolecules, which provides insights into their
cellular functions and partnerships on the atomic scale (Giege
& Sauter, 2010; Jaskolslat al, 2014). Over the past two
decades, the advent of structural genomics and associated
high-throughput (HTP) technologies (Vincenteléit al, 2003;
Puseyet al, 2005), together with dramatic improvements in
experimental setups and the computational environment at
synchrotron facilities (Terwilligeret al, 2009; Oweret al,
2016), have revolutionized the beld and led to a torrent of new
crystal structures. This productivity boost is clear from the
number of structures deposited in the Protein Data Bank
(PDB), which recently exceeded 150 000 entries.

In spite of such advances, the time-consuming and costly
mapping of reagents and phase space to identify conditions
that yield diffraction-quality crystals from a limited amount of
the macromolecule remains a bottleneck in crystallographic
studies (McPherson & Gavira, 2014; Ludt al, 2014; Giege
2017). This process generally involves a trial-and-error
sampling of chemical and physical space by screening hundreds
of different cocktails composed of buffers at different pH
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values, various crystallants (salts, alcohols and polymers) anthe chip design, called ChipX3, incorporates several
temperature to Pnd at least one appropriate solvent and theimprovements in terms of sample injection, reservoir loading
right supersaturation conditions. The miniaturization of crys- and design to allow low-cost manufacturing by injection
tallization assays in microplates with drop volumes of 0.6D1 molding. With ChipX3, we demonstrate that crystals can (i) be
(typically containing 1D10g of the macromolecule) and easily produced by seeding, (ii) be soakiedsitu with ligands
automation of the screening procedure have made this taskor (iii) be visualized by Buorescence imaging. In addition, the
considerably more efpcient, making it possible to successfullghip provides a stable platform for crystal storage, handling,
conduct a project with only a few milligrams of pure sample shipment andin situ analysis by serial crystallography. We
(Sauteret al, 2012). illustrate a range of applications for ChipX3 by the crystal-

With the introduction of the Prst microBuidic systems lization of seven soluble proteins, a membrane protein and an
dedicated to HTP screening 15 years ago, the sample volumBNA duplex, as well as the structure determination of bve
required for a single experiment was reduced by another orderOnon-model® macromolecules at room temperature using data
of magnitude, down to a few nanolitres (Hansehal, 2002; collected on four beamlines at three different synchrotron
Zheng et al, 2003). Indeed, microuidics was immediatelysites. This lab-on-a-chip approach simplibes and efbciently
regarded as a major breakthrough, especially for biochemistsniniaturizes the crystallographic structure-determination
dealing with samples that are difbcult to purify in large process, from the sample to its 3D structure, in a single device.
guantities, such as macromolecules from higher eukaryotedt offers a user-friendly, cost-effective solution for routine
large biological assemblies and membrane proteins (Hansen &iocrystallographic investigations at room temperature.
Quake, 2003; van der Woeret al, 2003). However, despite
their potential, micro3uidic technologies have not yet been
massively adopted by the global community for crystal growth,2.1. Biomacromolecules, biochemicals and chemicals
as illustrated by the limited number of PDB entries (only  The recombinant proteins used in this work include
about 30 as of March 2019) that specibcally cite the use OErotease 1 fromPyrococcus horikoshi(PhP1), the llama
microfSuidic_ systems. This can b_e partly _explained _by the cos anobody PorM_02 (Nb02), a lipase frofihermomyces
of these mlc_rosysten_ws and their assouat(_ad eqw_pment, bultanuginosus{Lip; provided by Macrocrystal Oy, Finland), the
also by the difbculty in successfully extracting fragile crystaIsCCA_adding enzyme from the psychrophilic bacterium
from the chips or the requirement to reproduce them using pjanococcus halocryophilu¢CCA), the TonB-dependent
conventional crystallization methods before they can bepeme/hemoglobin outer membrane transporter (OMT) ShuA
subjected to crystallographic analysis. from the pathogenShigella dysenteria@OMT ShuA), the

To expand the functionality and attractiveness of micro- ,;man mitochondrial aspartyl-tRNA synthetase (hmDRS)
chips beyond crystallization and HTP screening, several teamg 4 aspartyl-tRNA synthetase 1 from the bacteriuFhermus
ha\{e e>_<p|0re(_:i Fhe po_ssibility of analyzing crystals directly inthermophilus (tDRS), which were puribed as described
their microf3uidic enwronmem (Yadaet al, 2005; Nget al, previously (Engilberget al, 2018; Duhot al, 2017; Ernset
2008; Sauteet al, 2007; Dhouitetal, 2009; Emamzadattal, g1 201g; Brilletet al, 2009; Sautest al, 2015; Zhiet al, 2001).
2009; Hanseret al, 2006; Stojanoffet al, 2011). Various  pgrse hemoglobin was purchased from Sigma. The nine-base-
geom_eltrles and mgterlals have been tested.and have led t?)air RNA duplex [F(CGUGAUCG)dC], was prepared as
promising results in terms of data collection, anomalousyescribed by Masquidat al.(1999). Stock concentrations and
phasing or time-resolved applications (Pinket al, 2013; storage buffers are indicated in Table 1.
Khvostichenkoet al, 2014; Perryet al, 2013, 2014). The g facilitate the detection of CCA crystals by trace Ruor-
difbculty of cryopreserving crystals to protect them from egcent |abeling (TFL; Pusegt al, 2015), the protein was
radiation damage inside chips, owing to the wide Rat surfacegorescently labeled with carboxyrhodamine-succinimidyl
of the dgwce causing vapor.condensatlon and ice formation inggter (Invitrogen, catalog No. C6157) as described by de Wijn
the cryojet, was Prst perceived as an obstacle. However, thg; 5 (2018). The labeled protein solution was stored at 277 K
recent revival of multi-crystal data-collection techniques at 54 mixed with the protein stock solution just before
room temperature by the X-ray free-electron laser (XFEL) preparing crystallization assays as a fraction corresponding to
community has changed the paradigm and popularized Se”aﬁass than 1% of the total protein stock. This solution will be
crystallography (Chapmaet al, 2011; Stellatcet al, 2014;  |eferred to as OCCA-TELO.
Ayyer et al, 2015). In this context, microBuidic systtms The nonhydrolyzable analog of cytidyl triphosphate (CTP)
provide promising solutions to prepare, handle and analyzeiynai was soaked into the CCA crystals, cytidin®f6 , )-
crystals at both_ synchrotron beamlines and XFELs (Heyman”methyleno]triphosphate (CMPcPP), was purchased from Jena
etal, 2014; Suet al, 2016). _ ~ Bioscience (catalog No. NU-438). The lanthanide complex Th-

In this report, we describe a versatile and low-cost micro- x4 (commercial name Crystallophore) used to crystallize

Buidic chip for crystal production and characterization. This ppp1 was synthesized as described by Engilbetge.(2017).
chip was initially designed to miniaturize and facilitate the

identibcation of crystal-growth conditions using the counter-
diffusion method and its efbcient self-optimizing process ChipX3 devices were designed at IBMC, Strasbourg, France
(Dhouib et al, 2009; Pinkeet al, 2013). The latest version of in collaboration with Synchrotron SOLEIL, Saint-Aubin,

2. Materials and methods

2.2. ChipX3 manufacturing
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Table 1
Biomolecules and crystallization conditions.

No. of residues/ Biomolecule
molecular mass concentration

Biological source (kDa) (mg ml Y Biomolecule buffer solution Crystallant solution
CCA-adding Planococcus 420/48.5 55 50vh TrisBHCI pH 7.5, 30%(m/v) PEG 3350, 200 M sodium formate
enzyme halocryophilus 200 nM NacCl, 5 nM MgCl, pH 6.6
Nanobody 02 Llama 129/14.5 13.8 1IBIIEPESBNaOH pH 7.25,20%(m/v) PEG 3000, 0.M trisodium citrate pH 5.5
150 nM NaCl
Protease 1 Pyrococcus 6 166/111.6 7.4 20MnTrisBHCI pH 7.5, 3.4M malonate pH 7.5
horikoshii 10 v Xo4
Lipase Thermomyces  269/29.3 30 25 HEPESDNaOH pH 7.5 0.8 sodium/potasssium phosphate, 5Mm
lanuginosus sodium acetate pH 4.5
Aspartyl-tRNA  Thermus 2 580/132 19 50 kh TrisDHCI pH 7.2, 10%(m/v) PEG 8000
synthetase 1 thermophilus 1mM EDTA, 1 mM DTT
Mitochondrial Homo sapiens 2 630/140 30 50 kh HEPESPNaOH pH 7.5, 100 nM TrisBHCI pH 7.0, 40%t/v) PEG 3350,
aspartyl-tRNA 150 nM NaCl, 10% glycerol,  0.2M sodium thiocyanate
synthetase 1mM DTT
OMT ShuA Shigella 632/69.5 20 10N TrisDHCI pH 8.0, 0.1M sodium acetate, 20%f/v) PEG 400,
dysenteriae 1.4% -d-octyl-glucoside 15%(m/v) PEG 4000, 10%t/v) PEG 8000 pH 5.0
RNA duplex Synthetic 2 9/5.8 10 10 M sodium cacodylate 2.6M ammonium sulfate, 50 M sodium
pH 6.0, 5 M MgCl, cacodylate pH 6.0, 5 M MgSQ,, 1 niM
spermine
Hemoglobin Equus caballus 574/62 20 50 M potassium 3.3M ammonium sulfate, 50 M potassium
phosphate pH 7.5 phosphate pH 7.5

France and were manufactured by MicroLIQUID, Arraste, same crystallant solution. This suspension was stored at 277 K
Spain. The Ruidic layer (thickness 1 mm) was produced inand is referred to as the Oseed stockO. Protein crystallization
cyclic olebn copolymer (COC; TOPAS 5013F-04) by injectionsolutions were prepared by mixing i enzyme solution
molding. Channels and reservoirs were sealed with a secon¢b.5 mg ml %), 1.5n seed stock (either the original or diluted

layer of COC (thickness 108m). The bonding process was solution) and Im CCA-TFL and were immediately injected
carried out at 398 K and a pressure of 500 kPa. The straighinto the chip channels. Crystallization of the ttDRS enzyme in
section of the microRuidic channels is 4 cm long with a crossthe ChipX3 was also performed using seeds. The Oseed stockO
section of 80 80mm, to give a volume of 260 nl. The reser- suspension was prepared as described for the CCA enzyme by

voir at their extremity has a volume of 1@ (Fig. 1). crushing crystals grown by vapor diffusion in hanging drops
with a reservoir consisting of 7%t/v) PEG 8000, 10 md
2.3. Sample loading and crystallization MgCl. ttDRS crystallization solutions were prepared as a

mixture consisting of 6.5 enzyme solution (19 mg mt) and
1.5m seed stock, either the original or diluted solution, and
were immediately injected into the chip channels.

Crystallization experiments in the ChipX3 were set up in
three steps with a conventional 1 micropipet (Gilson) and
regular tips (StarLab). Firstly, 4B¥@ of macromolecule solu-
tion was injected into the sample inlet connecting all channels ) )
to bl the entire arborescence up to the reservoirs. Secondly2->- Crystal soaking with substrate
1 m of parafbn oil (Fluka) was injected into the sampleinletto  To soak CCA crystals grown in the ChipX3, the tape
isolate the channels from each other and the inlet was sealedovering the reservoirs was removed andd3of 10 mv
with CrystalClear tape (Hampton Research) to prevent CMPcPP solution was added to selected reservoirs (Pnal
evaporation and solution movements. The third and last stepconcentration of 3.75 M) before sealing them again. This
consisted of blling the reservoirs withnd crystallization  step was performed a week before data collection to ensure
solution before sealing them with CrystalClear tape. The good diffusion along the micro3uidic channels and in an
solutions used to set up the chips are listed in Table 1. All attempt to maximize site occupancy in the crystals.
experiments were incubated at 293 K, except for the RNA
duplex, which was crystallized at 310 K. 2.6. X-ray data collection and analysis

o ) Diffraction data were collected either (i) on beamline PXII

2.4. Crystallization by seeding (Fuchset al, 2014) equipped with a PILATUS 6M detector or

The condition producing the best CCA crystals (de Wgh  beamline PXIIl (Bingel-Erlenmeyeret al, 2011) equipped
al, 2018) was found using the microseed matrix screeningvith a MAR CCD or a PILATUS 2M-F detector at the Swiss
(MMS) method described by DOArey al.(2007, 2014). Small Light Source (SLS), Villigen, Switzerland, (i) on the
crystals grown by the hanging-drop method using a reservoiPROXIMA-2A (PX2A) beamline (Duran et al, 2013)
consisting of IM diammonium hydrogen phosphate, 100dn  equipped with an EIGER X 9M detector at SOLEIL, Saint-
sodium acetate pH 4.5 (condition E8 from the commercial Aubin, France or (iii) on beamline ID30B (McCarthyet al,
screen JCSG++ from Jena Biosciences) were recovered2018) equipped with a PILATUS3 6M detector at the ESRF,
vigorously resuspended, vortexed and diluted inrB®f the  Grenoble, France.
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All serial data collections were performed at room 4gwl (P. K. Shukla, M. Sinha, J. Mukherjee, M. N. Gupta, P.
temperature T =293D298 K) on crystals inside ChipX3, owingKaur, S. Sharma & T. P. Singh, unpublished work) for Lip and
to the reduced scattering background of the chip (Pinkt¢al,  485d (Masquidat al, 1999) for the RNA. The latter crystals
2013). In most cases a dedicated 3D-printed holder mountedspace groupH3) presented translational pseudo-symmetry
on a standard goniometer (see Fig. 5 and Supplementary Figowing to the intrinsic symmetry of the duplex and merohedral
S2) was used for data collections. To collect the widest possibléwinning (twin fraction 0.2190.39). Hence, the structure was
rotation angle for each crystal in ChipX3, the channel rePned using the twin laws, k h, [. All structures were
containing the crystal was aligned with the rotation axis of the built and rebned withCoot and phenix.rePngEmsley &
goniometer. Crystal alignment was performed either by stan-Cowtan, 2004; Adamet al, 2010).
dard low-dose grid screening at SLS and SOLEIL, or by a one-
click procedure at ESRF as described by McCartey al. 3 Reasylts and discussion
(2018). To avoid collisions with the surrounding equipment ] )

(beamstop and collimator), we typically collected 3tta- -1 ChipX3 design and setup

tions per crystal or crystal sector between goniometer posi- ChipX3 was designed to perform counter-diffusion (CD)
tions 30 and +30 (where 0 corresponding to the channels experiments and take advantage of convection-free conditions
being perpendicular to the X-ray beam). Two data-collection (a prerequisite of CD) in channels of small cross-section
strategies were used to obtain complete data: either mergingwidth 80nm, depth 80hm) to enable the creation of crys-
several partial data sets (sweeps) from the same crystal (onéallant concentration gradients by pure diffusion [Fig.aJl(
orientation and a wide rotation range) or merging several data The channels, with a length of 4 cm, allow a broad screening
sets from different crystals (several orientations and a smallerof supersaturation states, as does conventional CD in micro-
rotation range per crystal). Table 2 provides details of data capillaries (Gared-Ruizet al, 2001; Otéora et al, 2009).
collection and processing. The geometry of the sample inlet was adapted to bt stan-

Partial data sets were individually processed wiXbS  dard P2/P10 micropipet tips for chip loading using standard
(Kabsch, 2010). When their number did not exceed ten, theylaboratory materials. No extra equipment (such as a pump) is
were manually merged withXSCALE to bnd the best required. The standard micropipet is used to inject the solu-
combination and determine the appropriate resolution range.tion into the Ruidic system. The branching channel conbg-
In the case of the PhP1 enzyneCluste(Santoniet al, 2017)  uration [Fig. 1p)] allows the simultaneous loading of the eight
was used to determine the best partial data sets to mergehannels in a single manipulation, thus limiting the loading
among the 35 available. For all remaining steps, BH¢ENIX time and solution dead volumes. Note that in the case of
package was used (Adanet al, 2010). Phases were deter- membrane-protein samples containing a detergent (such as
mined by molecular replacement using the following struc-ShuA in this work), solutions enter and bll the channels
tures: PDB entries 1miv (Liet al, 2002) for CCA, 5lmw spontaneously owing to capillary action and the native wett-
(Duhoo et al, 2017) for Nb02, 1g2i (Det al, 2000) for PhP1, ability of the COC material. Labels embossed along the

channels facilitate crystal location and
grid mapping on synchrotron beamlines
[Fig. 1©)].

Once the channels have been blled
with the macromolecule solution and
the inlet closed with tape, crystallant
solutions are deposited in the reservoirs
[Fig. 1d)]. The setup is fully compatible
with viscous solutions such as the PEG
mixtures used in CD screens (Gorea-
Ramdez et al, 2017). The funnel-like
channel shape has been optimized to
facilitate the contact between the crys-
tallization and macromolecule solutions
and to avoid trapping air bubbles, which
could prevent the diffusion processn
low-gelling temperature agarose solution
at 1%(w/v) can optionally be deposited
in the funnel prior to the crystallization
cocktail to constitute a physical buffer

Eirguggl {up. & Schematic view of the chip, which has the i ) Cami ide (75 at the entry to the channels that stabi-
ipX3 setup. § Schematic view of the chip, which has the dimensions of a microscope slide : o e

25 mm) and eight channels with a straight segment of 4 cm and a cross-section @®@@m. Close- lizes the dlf.fUSIOn interface. . .
up views are shown obj the inlet for the biomacromolecule solutiong)the channels and labels, The |0ad|”‘._31 procedure of C_hIpXS IS
and (d) the end of the channel and the crystallant reservoir. fast and straightforward. Setting up a
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Table 2
Data-collection and rePnement

statistics.

Values in parentheses correspond to the high resolution range.

CCA-adding enzyme

CCA-adding enzyme + CMPcPP Nanobody 02 Protease 1 Lipase RNA duplex
X-ray beamline PXIl, SLS PXIl, SLS PX2A, SOLEIL  PXIll, SLS ID30B, ESRF PXIII, SLS
Wavelength (4 1.000 1.000 0.826 1.240 0.976 0.826
Temperature (K) 293 293 293 293 293 293
Detector PILATUS 2M-F PILATUS 6M EIGER PILATUS 2M-F  PILATUS3 6M MAR CCD
Crystal-to-detector distance (mm) 300 400 154 150/200 502 200
Crystals collected 6 14 9 1/11 14 3
Crystals selected 5 5 1 8 2 3
Rotation range per image § 0.1 0.2 0.1 0.2 0.1 2b3
No. of images selected 1000 540 500 1300 600 80
Total rotation range () 100 108 50 260 60 155
Exposure time per image (s) 0.1 0.1 0.1 0.1 0.02 1b2
Space group P4;2.2 P452.2 P42.2 P4,2,2 P6, R3
a, c (A 71.5,293.8 71.4,293.6 66.7,91.8 125.6, 133.9 142.6, 80.7 40.0, 69.1
Solvent content (%) 68.3 67.8 65.0 74.0 68.6 54.7
Mean mosaicity () _ 0.04 0.04 0.07 0.04 0.03 0.15
Resolution range (A 46D2.54 48D2.30 50D2.10 50D2.15 49.06D2.50 23b1.55

(2.60D2.54) (2.40D2.30) (2.18D2.10) (2.21D2.15) (2.60D2.50) (1.59D1.55)

Total No. of re3ections

No. of unique ref3ections 23922 (1598) 34862 (4066) 12281 (1196) 57690 (4522) 31982 (3668) 5485 (304)
Completeness (%) 90.6 (84.6) 99.5 (100.0) 97.2 (98.3) 98.5 (99.6) 98.5 (98.9) 91.5 (69.7)
Multiplicity 7.5 (6.0) 6.7 (8.1) 3.7 (3.8) 19.0 (18.9) 3.2(3.1) 3.9 (2.0)
H/ ()i 8.1 (1.3) 6.9 (0.7) 11.3 (1.8) 12.0 (1.4) 6.3 (0.8) 6.1 (1.8)
Rmeas(%0) 18.9 (126.0) 18.0 (231.2) 7.5 (84.7) 17.4 (206.4) 8.6 (86.8) 17.9 (45.6)
CCy2 (%) . 98.7 (55.0) 98.7 (46.9) 99.7 (73.5) 99.7 (69.4) 99.4 (49.4) 98.8 (75.5)
B factor from Wilson plot (42) 57.4 60.6 45.2 50.8 63.3 23.6
Refections in working/test sets 23583/1180 34840/3405 11053/1228 57659/5758 31516/1573 5484/382
Final Ryork/Riree (%0) 18.8/21.4 20.0/22.9 16.9/21.1 16.2/18.4 17.2/19.9 19.2/22.3
No. of non-H atoms

Total 2998 3028 970 4017 4446 390

Protein 2989 2989 947 3921 4404 342

Solvent 9 10 23 96 47 43

Ligand 0 29 0 0 33 0

lon R 0 0 0 0 2 5
R.m.s.d., bonds A 0.009 0.010 0.008 0.012 0.004 0.004
R.m.s.d., angles) _ 1.23 1.22 0.897 1.43 1.08 0.680
AverageB factors (H?)

Overall 60.1 62.6 53.8 57.1 83.8 17.8

Biomolecule 60.1 60.1 53.8 57.1 82.9 17.6

Solvent 52.7 55.5 50.9 56.1 62.6 15.1
Ramachandran plot regions (%)

Most favored 98.1 97.2 95.8 98.4 96.6

Allowed 1.9 2.8 4.2 1.6 3.2
PDB code 6ibp 6052 6gzp 6q3t 6hwl 6ibg
PDB code at 100 K 6qy6 6gxn 5Imw 6hf6 4zgb 485d
R.m.s. distance {8/ V. (%) 0.79/5.0 0.83/3.8 0.79/6.6 0.47/4.3 1.0/3.9 0.40/2.7

176105 (9374)

232642 (32937)

45307 (4574)

1095436 (85346)

102820 (11312)

Structures solved at room temperature (this work) are compared with equivalent structures determined at cryogenic temperatures (100 K). R.m.s. distances are calculated taking into

account all biomolecule atoms andV, quantibes the increase in the unit-cell volumé) at room temperature.

21681 (605)

chip with eight different conditions takes less than 5 min evenconcept using real cases beyond classical model proteins such
for untrained experimenters, as attested by numerous assayas lysozyme or thaumatin. We report here on eight proteins of
performed in the bve laboratories involved in this work and by different sizes and sources (from bacteria to human) and an
the many participants of crystallization workshops [FEBS RNA oligomer (Table 1) crystallized in ChipX3. Crystal-
courses in 2014D2018 in Nadeady, Czech Republic; Inter- lization conditions were adapted from those initially used in
national School of Biological Crystallization (ISBC) 2015b vapor diffusion or batch crystallization: while the biomacro-
2017 in Granada, Spain]. molecule concentration was kept unchanged, the crystallant
concentration was increased by a factor of 1.5D2, as recom-
mended by Otéora et al. (2009). Representative examples
ranging from small microcrystals to large crystals blling a
After a prototyping phase of small batches made by portion of the channel are shown in Fig. 2. Typical counter-
hot embossing (Pinkeet al, 2013), a 3D mold was machined diffusion patterns can be observed along the concentration
with the new ChipX3 specibcations to produce a largergradient, with microcrystalline material close to the reservoirs
batch by injection molding. This enabled validation of the where supersaturation is maximal and larger crystals towards
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the other extremity of the channels (see Supplementaryin Martiel et al, 2018), which hardly affects data processing

Fig. S1). and quality. During data collection, the chip is oriented with its
Crystals appeared after a few hours or days and could bethickest layer facing the direct beam and the thinnest face

visualized under polarized light. To facilitate the detection of

small crystals, we exploited different Buorescence approaches

such as classical UV excitation (Meyet al, 2015), the

Buorescent lanthanide compound Thb-Xo4 developed by

Engilbergeet al.(2017) and trace [Ruorescent labeling (TFL) as

developed by Pusegt al.(2015). All three approaches were

compatible with ChipX3, but the Th-Xo4 molecule and TFL

gave a much brighter signal (Fig. 3). Fluorescence has the

advantage of rapidly localizing samples in the channels and

may be used in the future to automate and speed up serial

analysis.

3.3. Advanced crystallogenesis strategies

In addition to providing an efpbcient screening of super-
saturation conditions, the CD process has other practical
benebts, including the possibility of diffusing anomalous
scatterers into pregrown crystals for phasing, or cryopro-
tecting with compounds such as glycerol (Gavatal, 2002;

Ng et al, 2003). In a previous study, we demonstrated the
feasibility of on-chip SAD phasing at room temperature using
crystals soaked by CD with a lanthanide complex (Pinlegr
al., 2013). Along the same lines, CMPcPP, a nonhydrolyzable
analog of CTP, which is a substrate of CCA-adding enzymes,
was added to the reservoirs once CCA crystals had grown and
one week before the synchrotron session. The resulting X-ray
structures conbrmed that the crystals were derivatized by
smooth diffusion without any sign of damage (Figs. 4 and 6).

Microseeding can also be used together with CD crystal-
lization (Bergfors, 2003; Gaviret al, 2011) to bypass the
nucleation step and promote rapid crystal growth. Hence,
CCA and ttDRS crystals were grown by a combination of CD
and seeding. Microseeds were added to the protein solution
just before it was injected into the chips and the brst crystals
appeared in the channels after a few days. Seeding proved
to be an effective way to trigger rapid and abundant crystal
production, which is of particular interest for serial analysis.

We also used a new nucleant called crystallophore or Xo4
(Engilbergeet al, 2018) in the case of the protein PhP1, for
which the crystallization conditions (Table 1) were determined
only in the presence of this terbium complex. Th-Xo4 was
added to the protein solution before blling the channels. It
triggered the nucleation and the growth of large PhP1 crystals,
which completely blled the available volume. An added value
for macromolecules crystallized in the presence of Xo4 is the
strong luminescence when illuminated by UV light (see Fig. 3).

3.4. Serial crystal analysis inside ChipX3

The ChipX3 was designed fdn situ characterization. Its
overall thickness was optimized to give a good compromiserigure 2
between material rigidity and X-ray absorption/scattering Examples of crystals obtained in ChipX3. Crystals were grown as

; ; _ described in Table 1.8) CCA, (b) PhP1, ¢, d) Nb02 before €) and after
(Pinker et al, 2013). The COC material produces a char (d) data collection, with the X-ray beam footprintg) lipase, () ttDRS,

acteristic diffuse scattering ring [Fig. & in the resolution (9) hmDRS, ) OMT ShuA, (i) oligo RNA duplex and {) hemoglobin.
range 4bd&/4see also Fig. 4 in Dhouibt al, 2009 and Fig. 10.4 The scale bar is 0.1 mm in length.
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behind the crystal to minimize the attenuation of the diffrac- (Table 2, Figs. 5 and 6). Hemoglobin crystals also yielded
tion signal (Fig. 5). Labels embossed along the channelsomplete data to 2.8/Aesolution (data not shown), whereas
enable the easy localization of crystals before analysis, with dhe microcrystals of the aspartyl-tRNA synthetases and OMT
view to future automation of the procedure on synchrotron ShuA only diffracted to low resolution and could not be used
beamlines. The chip can also be positioned in the beam using &r structure determination without further optimization.
plate gripper, as illustrated in Supplementary Fig. S3. To avoid The data collections were carried out on series of crystals
intervention from beamline staff to mount/unmount the and their parameters were adapted for crystal size and sensi-
gripper, we developed a light chip holder that can be directly tivity to radiation damage. When collecting several paths from
attached to a standard goniometer. This chip holder isthe same crystal signs of radiation damage could clearly be
manufactured by 3D printing (Fig. 5, Supplementary Fig. S2)seen [see Fig. 8], accompanied by the formation of gas
and integrates a standard metal base (B5, SPINE-stylepbubbles as described by Meen&t al. (2010) and by the
MiTeGen) that is in contact with the goniometer magnet. The deterioration of data-collection statistics (data not shown).
holder can be used with any 3at device of microscope-slide Note that performingin situ analysis,i.e. without direct
dimensions on synchrotron beamlines and laboratory-basedandling of the crystals, is a guarantee that their genuine
instruments. The 3D description Ple for printing this device is diffraction properties have been preserved. Comparative
provided as supporting information. tests on thaumatin or lipase crystals in ChipX3 sent by
To illustrate the general applicability of on-chip serial regular postal mail or carried to the synchrotron by
crystallography at room temperature, we present the results ofexperimenters did not show signiPcant differences (results
structure determination in the 1.5D2%&solution range of not shown), indicating that the chip is a stable and robust
four proteins (CCA, Lip, NbO2 and PhP1) and an RNA container for crystal storage and transport.

Final crystal structures were obtained
either from a single large crystal and
two wedges (Nb02) or from combining
partial data sets from several individual
crystals (RNA, CCA, Lip and PhP1). In
the latter case, the use otcCluster
considerably facilitated the choice of
partial data sets to be merged. The
comparison of these structures with
equivalent structures solved at cryo-
genic temperatures only showed small
differences (see the r.m.s. distances in
Table 2), although the unit-cell volumes
were signibcantly larger (2.7D6.6%) at
room temperature than at 100K
because of crystal shrinkage occurring
during cryocooling.

The high sensitivity and low back-
ground of the latest hybrid pixel detec-
tors (HPDs) compared with CCD
detectors (Pinkeret al, 2013), and the
very short analysis time (seconds) of the
largest wedge of reciprocal space from
single crystals are crucial to outrun
radiation damage for room-temperature
data collection. The analysis in shutter-
less mode also limits systematic errorsin
crystal orientation and thus improves
the data quality. For example, the
highest apparent mosaicity of the RNA
crystals (see Table 2), which were

Figure 3 analyzed at an early stage of this work

Crystal detection in ChipX3 by Ruorescenca, If) CCA crystals grown as described in Table 1 with with a MAR CCD detector, is a direct
0.6% CCA-TFL; (, d) PhP1 crystals grown as described in Table 1 with 2@ ifb-Xo4. (@ ¢) symptom of the data-collection strate-
Crystals_ illuminated with white light.f) Crystal |I!u_m|nated with a 520 nm light source and image ies used before the advent of HPDs. In
taken with a low-pass Pblter at 550 nm (LP550); inset, structure of carboxyrhodamlne—sucanlmlcgﬁ| . . .
ester. @) Crystal illuminated with a 2809380 nm UV source: inset, structure of Th-Xo4. The scalf1€ future, the widespread integration
bar is 0.1 mm in length. of HPD technology at synchrotron sites
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and on laboratory-based X-ray sources will undoubtedly
facilitate the development of serial crystallography.

The concept of serial crystallography was introduced with
XFEL sources and their extremely intense X-ray pulses that
destroy the sample upon signal emission (a process called
Odiffraction before destruction®). As a consequence, large
numbers (thousands) of micro/nanocrystals are necessary to
obtain a complete data set from series of individual still
images. The serial approach has been extended to room-
temperature data collection using synchrotron radiation.
However, with a lower beam intensity (compared with
XFELS) crystals can be used to collect more than a single
image and up to several degrees of rotation. With very stable
crystals (see Nb02 in Table 2), a single crystal may even be
sufpcient to collect complete data with the help of high
symmetry and rapid analysis using HPDs. More generally, the
number of crystals that are required for structure determina-
tion will depend on their size, their symmetry and their
sensitivity to radiation damage. Most of our structures were
derived from rather small series of 6D14 crystals and the
combination of best data sets (Table 2). With highly sensitive
samples such as membrane proteinssituroom-temperature
serial crystallography can still be carried out successfully using
several hundred crystals (Huareg al, 2015). In this context,
ChipX3 provides a convenient means to produce batches of
crystals distributed along chip channels and, in the future,
automatic crystal detection and characterization should

Figure 5

Diffraction analysis in ChipX3.4) ChipX3 on its holder. b) ChipX3 on
beamline PXIII at the SLS synchrotron.c Example of a diffraction
pattern of the CCA adding-enzyme in ChipX3 at room temperature
(exposure 0.1 s, rotation 0.2

contribute to speeding up data collection and popularizing this
kind of serial RT analysis.

Figure 4 i
Crystals before and after soaking in ChipX3. Images of CCA crystals4' Conclusion

grown as described in Table 1 with 0.6% CCA-TF#k, b) Before soaking.  MicroRRuidics has demonstrated its value in terms of minia-

(c, d) Images taken six days after soaking with CMPcPP at a Pnaly, i .+ iati ;
concentration of 3.75 M. (a, ) White-light illumination. ®, d) Images turization for macromolecular crystallization experiments and

taken with a 520 nm light source and a low-pass Plter at 550 nm (LP550)_HTP screening. With ChipX3, we propose a Ver§ati|e tool that
The scale bar is 0.1 mm in length. integrates all of the steps of a crystallographic study on a
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physiological conditions (Martin-Garcia
et al, 2016; Johanssast al, 2017).
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Chapter 14

Structural Analysis of RNA by Small-Angle X-ray Scattering

Anne Thebald-Dietrich, Raphbade Wijn, Kein Rollet, Alexandra Bluhm,
Jodle Rudinger-Thirion, Caroline Paulus, Bernard Lorber,
Aurdien Thureau, Magali Frugier, and Claude Sauter

Abstract

Over the past two decades small-angle X-ray scattering (SAXS) has become a popular method to character-
ize solutions of biomolecules including ribonucleic acid (RNA). In an integrative structural approach, SAXS

is complementary to crystallography, NMR, and electron microscopy and provides information about RNA
architecture and dynamics. This chapter highlights the practical advantages of combining size-exclusion
chromatography and SAXS at synchrotron facilities. It is illustrated by practical case studies of samples
ranging from single hairpins and tRNA to a large IRES. The emphasis is also put on sample preparation
which is a critical step of SAXS analysis and on optimized protocols for in vitro RNA synthesis ensuring the
production of mg amount of pure and homogeneous molecules.

Key words SEC-SAXS, RNA, tRNA, IRES, Structure, Integrative structural biology

1 Introduction

Ribonucleic acid (RNA) molecules constitute a very diverse bio-
polymer family in terms of sequence, size, and shape, and getting
insights into their 3D structure is essential to understand their
cellular functions and partnerships. Small-angle X-ray scattering
(SAXS) is a powerful means to study structural and dynamic prop-
erties of RNA in solution, complementary to methods such as
crystallography, nuclear magnetic resonance (NMR), or cryoelec-
tron microscopy (cryoEM) [1]. Although SAXS does not provide
atomic details, it requires no crystal or isotopic labeling and is
performed in solution. The method is compatible with a wide
range of solvents and gives a rapid access to structural parameters
such as size, oligomeric state, shape of isolated molecules, or com-
plexes R, 3]. SAXS was already employed in the 60s in early
structural investigations on tRNAs —6] and has since been applied
to samples ranging from compact hairpins to particles as large as the
ribosome [7] to study RNA architecture, folding, dynamics, and

Veronique Arluison and Frank Wien (eds.),RNA Spectroscopy: Methods and Protocols , Methods in Molecular Biology, vol. 2113,
https://doi.org/10.1007/978-1-0716-0278-2_14 , © Springer Science+Business Media, LLC, part of Springer Nature 2020
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Fig. 1Principle of a SEC-SAXS setup. The sample aphstimaded onto a HPLC-SEC cabyrtm (
separate the RNA from higher molecular mass populations (aggregates, multimers). The eluate (monito
UV absorbance) is directly injected in the SAXS capd)apasktdttering patterns are collected on a 2D
detectord). 2D patterns are radially averayéal froduce unidimensional scattering probles for the solvent
(grey curve) and for the solution containing the RNA of interest in the same solvent (green curve). The s
signal is subtracted from that of the safhpbeoptain a proble corresponding to the RNA. This proble or
SAXS curve describes the variation of the scattered intensity as a function of the amplitude of the scatte
vector or momentum trangfgr4 sin/ expressed il Aor nm 1, where is half the angle between the
scattered and incident radiations #relwavelength. Structural information on the size and the shape of the
scattering particle in solution can then be extracted from ti@ vargéseeFig.7)

complexes with proteins B-15]. Over the last two decades it has
grown in popularity among the biologists thanks to the develop-
ment of software packages dedicated to the characterization of
biomolecules and an easy access to performant synchrotron
facilities [16].

In practice, a SAXS analysis consists of shining X-rays on a solu-
tion of particles and collecting the resulting scattered patterns
(Fig. 1). The signal of the solvent is recorded separately and sub-
tracted from the signal of the RNA sample in the solvent to obtain a
SAXS pro le corresponding to the shape of the RNA. Solvent
subtraction is a critical step in data processing. To ensure that the
solvent taken as a reference is the same as the solvent in which the
RNA is dissolved, it is generally recommended to carry out dialysis
or size-exclusion chromatography (SEC). This chapter will indeed
focus on the SEC-SAXS approachl[7/-20], which is available at
most synchrotron facilities and implements a FPLC/HPLC-SEC
directly upstream the SAXS chamber or capillary (Fid) to separate
molecules according to their hydrodynamic properties. The advan-
tage of such a setup is twofold: it guarantees (1) good solvent
matching and (2) monodispersity of the RNA entering the mea-
surement cell. Because all molecular entities present in solution
contribute to the scattered signal as the square of their volume, it
is crucial to separate the population of interest (e.g., monomeric
RNA) from aggregates or multimers (likely to form at high con-
centrations) prior to collecting the SAXS signal 20, 21].
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Despite the progress of recent pixel detectors in terms of sensi-
tivity and low background, SAXS, alike other structural methods, is
still sample consuming. A single SEC-SAXS run typically requires
20-80 L of pure RNA solution at 2-5 mg/mL (i.e., 40-400 ),
taking into account that SEC will dilute the sample 5-10 times.
Sample preparation is another critical step and we recommend to
start with at least a milligram of pure, homogeneous, and monodis-
perse RNA sample to work comfortably. Among RNA preparation
methods detailed in [22], in vitro transcription allows the synthesis
of almost any unmodi ed RNA sequence and has found applica-
tions in all areas of RNA research. These transcriptional systems are
based on the cloning of synthetic DNA encoding the RNA
sequence of interest downstream of the promoter of a
phage DNA-dependent RNA polymerase. Among the different
phage RNA polymerases available (SP6, T7, T5, T3), the T7
RNA polymerase has found the widest applications. Detailed pro-
tocols to produce RNA using the T7 RNA polymerase can be found
in [23].

The rst part of this chapter presents experimental conditions
for ef cient T7 transcription and practical tricks to obtain high
amount of homogenous transcripts for SAXS experiments
(Fig. 2). When designing an RNA molecule, several constraints
have to be considered such as the nature of thé Sequence of the
construct, its total length, and the homogeneity of the ¥ end.
Three protocols adapted to the production of RNAs of different
sizes by in vitro transcription are described, as well as RNA puri -
cation techniques, and the usefulness of a strict quality control of
the sample to guarantee the reproducibility and the success of SAXS
measurements.

The second part of this chapter is an introduction to standard
SEC-SAXS analysis of RNA using synchrotron radiation. The
description is based on the experimental setup of the SAXS beam-
line SWING [19] at SOLEIL synchrotron (Saint-Aubin, France),
but the principle of data collection and analysis is applicable to any
experimental setup. Besides the determination of structural para-
meters such as the radius of gyratiorRg) and maximal dimension
(Dmax) of the particle, its Porod volume (Vp), and characteristid
(O) directly related to its molecular mass (MM), SAXS offers a wide
range of possibilities, including the study of conformational
changes, exibility, disorder, or aggregation. The experimental
section illustrates data processing and analysis performed using
the widespreadATSASsuite [24] on different RNA samples includ-
ing single RNA hairpins, tRNAs and variants, and internal ribo-
somal entry site (IRES) present in the S8UTR of the mRNA of
human glycyl-tRNA synthetase (GlyRS; M. Frugier, to be pub-
lished). The usefulness of SAXS in an integrative structural
approach is discussed in the notes and exempli ed with the charac-
terization of atypical tRNAs and tRNA/protein complexes.
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Fig. 2RNA sample preparation by in vitro T7 transcription. The T7 RNA polymerase promoter encompz
23 nucleotides (nt) and contains the recognition domain (dratigeugh 5) and the initiation domain

(black, 5 through +6); transcription initiates at position +1 with 3 Gs giving rise to an RNA transcrif
complementary to the template strand. The nature of the template may differ depending on the size of
desired product: hybridized oligonucleotides, PCR products, or linearized (red arrows) plasmids. In or
produce transcripts with homogenebasdb 8 extremities, ribozymes (green) may be inserted. Red
asterisks indicate protocols detailed in this chapter

Readers eager to learn more about theoretical aspects of the
method will nd reviews on the topic [ 25-27], some of which
speci cally dedicated to SAXS and RNA§, 20, 28, 29].

2 Materials
2.1 Cloning 1. Desalted DNA oligonucleotides.
of Cassettes 2. Restriction enzymesBamH1, Hind lll, BstNI, or Nsil.
3. Other enzymes: T4 polynucleotide kinase, T4 DNA ligase,
FastAP.
4. Dry heat block.

o

LB/ampicillin agar plates.

33 40 cm? glass plates.

2-mme-thick spacers.

2-mm-thick combs.

10 TBE: 0.89 M Tris—borate pH 8.0, 20 mM EDTA.

2.2 Puribcation
of RNA

on Polyacrylamide
Gels and Band
Visualization

I\



2.3 Autocatalytic
Cleavage of RNA
with Ribozyme

2.4 RNA
Electroelution

2.5 RNA Puribcation
by Chromatography

11.

B W

I R\ .

N -
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. 300-mL denaturing polyacrylamide gel (acrylamide/bisacryla-

mide 19:1 ratio, 8 M urea, 1 TBE) or native polyacrylamide
gel (acrylamide/bisacrylamide 37.5:1 ratio, 1 TBE).

. 2 RNA denaturing gel loading dye solution: 95% (v/v) form-

amide, 10 mM EDTA, 25 mM Tris—HCI pH 8.0, 0.025%
(w/v) xylene cyanol, and 0.025% (w/v) bromophenol blue.

. 2 RNA native gel loading dye solution: 50% (w/v) glycerol,

25 mM Tris—HCI pH 8.0, 0.025% (w/v) xylene cyanol and
0.025% (w/v) bromophenol blue.

. Plastic wrap.
. Scalpel blade.
10.

TLC plate with uorescent dye (Polygram Gel 400 UV
254, Macherey-Nagel).

UV light source.

. Dry heat block.
. Transcription buffer (5 ): 200 mM Tris—HCI pH 8.1,

150 mM MgCl 5, 5 mM spermidine, 25 mM DTE, 0.05%
(v/v) Triton X-100, 20 mM of ATP, CTP, GTP, and UTP.

Dilution buffer: 40 mM Tris—HCI pH 8.1 and 30 mM MgCI .
Incubate 1 hour at 60 C.

BioRad Sub-Cell GT or Mini-Sub Cell GT apparatus (BioRad).
Sterile 1 TBE.
Power supply.

Elutrap system and Biotrap membranes BT1 and BT2 (Schlei-
cher & Schuell).

Alternatively to 4: Dialysis tube Spectra/Por of appropriate
cutoff (Spectrum Laboratories, Inc.) and clips to seal dialysis
tubes.

. Bio-Scale Q5 anion exchange column (BioRad).
. Superdex 75 increase 10/300 column (GE Healthcare Life

Sciences).

. Superdex 200 increase 10/300 column (GE Healthcare Life

Sciences).

. Superose 6 increase 3.2/300 column for longer transcripts

(GE Healthcare Life Sciences).

. Anion exchange buffer QA: 50 mM Tris—HCI pH 7.5, 50 mM

KCl, 5 mM MgCl ».
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Table 1

HPLC-SEC columns

Column Manufacturer Exclusion limits/volume/ ow rate/matrix
Bio SEC3-100 Agilent 0.1-100 kDa/4.6 mL/0.3 mL/min/silica
Bio SEC3-150 Agilent 0.5-150 kDa/4.6 mL/0.3 mL/min/silica
Bio SEC3-300 Agilent 5-1250 kDa/4.6 mL/0.3 mL/min/silica

Superdex 200 increase

GE Healthcare 10-600 kDa/2.4 mL/0.15 mL/min/agarose

Table 2

SAXS structural parameters of selected RNA molecules

Name Hairpin tetraloop Hairpin T-loop tRRA gly-IRES
Nucleotides 35 76 237

Rg Guinier (A) 0.02 18.25 0.04 22.04 0.03 50.58 0.06
Rg p(r) (A) 0.01 1851 0.01 22.86 0.02 50.51 0.02
D nax (A) 62 74 157

Vp (A®) 11,600 14,600 28,100 169,000

MM heor (kDa) 11.4 23.5 71.6

MM v (kDa)? 11.0 21.8 106

#Molecular mass estimate according to33]

2.6 HPLC-SEC
Chromatography

2.7 Data Processing

and Analysis

6.

Anion exchange buffer QB: 50 mM Tris—HCI pH 7.5, 2 M
KCI, 5 mM MgCl ».

Size-exclusion buffer: 50 mM Tris—HCI pH 7.5, 150 mM KClI,
5 mM MgCl »,.

. Amicon® Ultra Centrifugal Filters (Merck) with adapted vol-

ume and molecular mass cut-off.

. Size-exclusion columnsseexamples in Tablel.

HPLC system (Agilent LC System 1200-1260 series).

2-mL Vials and conical glass inserts with polymer feet for the
HPLC injectors (Agilent).

. Size-exclusion buffer: 50 mM HEPES-Na pH 7.5, 150 mM

KCI, 5 mM MgClI ,, Itered and degassed on ltration unit with
0.22- m lter.

. Data processing is performed withFoxtrot[ 19] as implemented

on SWING beamline.
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. Data analysis is performed with thé&TSAS suite [24], a widely

used package in the bioSAXS community and freely available to
academics at https://www.embl-hamburg.de/biosaxs/soft
ware.html. Other packages are available and may be used as
well, such aBIOXTAS-RAW and SCATTER [30, 31].

. Model building and inspection are carried out usingPyMOL

(Schrodinger LTD).

3 Methods

3.1 RNA Production 1.
by In Vitro

Transcription$ee 2
Fig.2 and Note 1)

w

3.1.1 RNA Cloning Using
the Cassette Technique

3.1.2 Phosphorylation 1.
of Oligonucleotides

2.

3
3.1.3 Hybridization 1.
of Phosphorylated
Oligonucleotides 2

3.1.4 Ligation of the RNA 1.
Gene into pUC 118 Vector o

Reconstitute the gene with overlapping oligonucleotides as
shown for a synthetic tRNA gene in Fig.3.

. Design 18- to 21-mers that overlap by 7-10 nucleotides.
. Include in the construct (1) the upstream T7 RNA polymerase

promoter sequence ( 17 to 1), (2) Hind Illl and BamHI
restriction sites for cloning in pUC118 vector, and (3) the
downstream BsNI restriction site coincidental with the
3%end of the sequence to ensure the correct CCA end of
the tRNA.

. If BsNI is present in the tRNA sequence, then it may be

replaced byNsil.

. By substituting two oligonucleotides (one on each strand),

point variants of the RNA gene can be easily cloned in parallel.

Phosphorylate individually each oligonucleotide (400 pmol)
with 10 U (1 L) T4 polynucleotide kinase in 50 L.

Incubate for 15 min at 37 C.

. Inactivate the kinase by rising the temperature to 65C for

10 min.

Mix 2 L (16 pmol) of each phosphorylated oligonucleotide
(2 10%20 L total volume).

. Add 20 L of buffer 150 mM Tris-HCI pH 7.5, 30 mM

MgCl,, 15 mM dithioerythritol.

. Incubate the mixture at 85 C for 10 min.
. Switch off the heater block and leave the tube to slowly cool

downto 30 C (2-3 h).

Digest successively pUC118 wittBamHI and Hind IIl.

Perform a dephosphorylation step of the digested vector with
FastAP, stop the reaction with phenol extraction, precipitate
and adjust the concentration at 1 g/ L.
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Fig. 3Production of RNA transcripts using the cassette technique. The RNA synthetic gene (here a tRNA
in combination with the T7 RNA polymerase promoter and BstNI site is assembled before its ligation int
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3. Incubate 10 L of the hybridization mixture (obtained in
Subheading3.1.3) with 1 g pUC118 (digested and depho-
sphorylated) in the presence of 5L ATP 10 mM and 5 U
(5 L) T4 DNA ligase (Thermo Scienti c) overnightat 16 C.

3.1.5 Bacterial 1. Transform 200 L of CaCl, chimio-competent E. coli TG1

Transformation and Search  cells with the ligation mixture.

for Positive Clones 2. Spread on LB/ampicillin plates and incubate overnight at
37 C.

3. Positive clones are veri ed by sequencing.
4. Perform DNA maxi-preparation of the positive plasmid.

3.1.6 InVitro T7 1. Digest 50 g of plasmid with BstNI.

Transcription 2. Prepare a 500 L transcription mix containing 100 L of
transcription buffer (5 ), 25 U T7 RNA polymerase, 50 ¢
of linearized plasmid and 4 mM of each nucleotide triphos-
phate (pH adjusted to 7.5).

3. Incubate at 37 C for 3 h in a dry heat block.

4. Stop the reaction by ethanol precipitation (2.5 volumes) in the
presence of 0.3 M acetate-Na pH 5.2.

5. Centrifuge the solution for 15 min at 15,000 g and store the
dry RNA pelletat 20 C.

3.1.7 RNA Cloning Using 1. Assemble the sequence of the synthetic transzyme gene with
the Transzyme Strategy cassettesgeesubheading3.1.1) as illustrated in Fig.3.

2. Oligonucleotide#2, coding for the hammerhead ribozyme,
remains identical for all sequences (boxed in dashed lines in
Fig. 3).

3. The four nucleotides on the F side of the hybridization box
(HB), downstream of the strong T7 internal promoter, must
be complementary to the rst four nucleotides of the sequence
of interest that form the 3°side of HB.

Fig. 3 (continued) pUC118 plasmid. The tRNA gene-containing plasmid is then liBsdzattwith

RNA transcription is performed. NotBghdtenables the production of RNA molecules ending with the
32CCA sequence universally conserved in tRNA. In the transzyme strategy (insert), the oligonucleot
incorporates the hammerhead ribozyme. The transzyme construct, i.e., a transcript integrating the
cleavable ribozyme, contains, floorB5 the strong internal promoter sequence for the T7 RNA polymerase,
the hammerhead ribozyme sequence (boxed in dashed lines), and the domain called hybridization box
The splicing of the RNA occurs between the hammerhead ribozyme and the HB. The open circles corre
to the four variable nucleotides immediately downstream of the T7 promoter. They are chosen to
complementary to the startifigefiuence of the RNA of interest (blled circle) allowing the formation of the
base-paired structure (HB) that directs the specibc cleavage of the ribozyme. The autocatalytic clea
releases the desired RNA sequence WK aegminus
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