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This work demonstrates a methodology for screening
compatible buffer conditions for both DNA origami and
systematically studied how
individual factors in protein crystallisation buffer conditions

protein crystallisation, and
notably cations, buffering agents, precipitants, and pH,
influenced the stability of tubular DNA origami.

Introduction

The 3D structures of proteins are very important in molecular
biology and are usually determined by X-ray diffraction (XRD)
analysis. Therefore, obtaining a protein crystal of good diffraction
quality is critical, but still remains a challenge for scientists'. In
the early 1980s, Professor Seeman proposed the idea of utilising
DNA as a scaffold to facilitate protein crystallisation for the
determination of their 3D structures®. It was the first application
envisioned and event accelerated the development of structural
DNA nanotechnology. Nowadays, the
nanostructures with nearly any arbitrary geometry from 2D° to
3D* can be realised by DNA origami technique®, which moves
the field one step closer to the ultimate goal. To investigate the
potential of DNA origami as a scaffold to crystallise proteins, we
tested the stability of DNA origami with a tubular structure® in
protein crystallisation buffer. The advantages of using this tubular

construction  of

structure are that the preparation is quick and straightforward, in
addition, the porous the protein
crystallisation” in future studies. We either directly assembled

structure may favour

DNA origami in protein crystallisation buffer or pre-assembled
DNA origami in DNA assembly buffer, subsequently transferred
to protein crystallisation buffer. We also systematically illustrated
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how the four main factors, cations, buffering agent, precipite
and pH in protein crystallisation buffer, individually influence the
stability of tubular DNA origami.

DNA origami with a tubular structure, 100 nm in length, 22 nm in
diameter and 2 nm in wall thickness, was prepared following
established procedure. The advantages of using this tubular
structure are that the preparation is quick and straightforwaru.
The DNA origami was prepared in assembly buffer: 12.5 mM
Mg(OAc),, 20 mM CH3;COOH, 40 mM Tris, 2 mM EDTA, pH 8.0.
Atomic force microscopy (AFM) was employed to characterise
the integrity of the tubular structure, verifying that the DNA
origami was achieved as designed (Fig. 1).

Fig. 1 AFM image of tubular DNA origami assembled in DNA assembly
buffer.

Table 1. Crystallisation buffer for four model proteins

precipitant solution

protein buffer solution (solvent water) (solvent buffer)
lysozyme 0.1 M sodium acetate pH 4.5 1.1 M NaCl
thaumatin 0.05 M PIPES pH 6.8 0.34 M Na-K tartrate

human serum
albumin

0.05 M monopotassium

phosphate pH 5.15 3% (wWiv) PEG 4k

5% (w/v) PEG 4k; 5%
(v/v) 2-methyl-1,3
propanediol (MPD)

catalase 0.1 M Tris pH 8.4

The shot gun approach refers to DNA origami either assemble *
in protein crystallisation buffer, or assembled in DNA assemt’,
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buffer first and followed by buffer exchange. Table 1 lists
crystallisation buffers for four model proteins. It turned out that
these solutions were not compatible in the assembly of DNA, and
no complete origami was observed, Fig. S2.

a b
100 nm
-

Fig. 2 AFM images of DNA origami after one-off buffer exchange by the
protein crystallisation buffer of (a) lysozyme, (b) thaumatin, (c) human serum
albumin, and (d) catalase. All the samples were characterised 24 hrs after
buffer exchange.

Several studies report that DNA origami can remain structurally
intact in cell lysate®. This is indicative that once the DNA origami
forms the structure is stable. Therefore, we employed buffer
exchanges by three methods, 1) one-off: an abrupt buffer
exchange by adding 400 pL protein crystallisation into 40 uL, 1
nM DNA origami solution, removing the buffer by a 10,000
molecular weight cut-off, centrifuging at 3,000 g for 5 min. The
exchange was repeated 3 times; 2) gradient buffer exchange: in
order to minimise the damage to the DNA origami structures, we
used five kinds of gradient buffers with crystallisation/DNA
origami buffer (v/v) ratios at 1:7, 1:3, 1:2, 3:1, up to pure
crystallisation buffer respectively, with the removal of the DNA
buffer identical to the one-off method; 3) gradual buffer exchange
by overnight dialysis: we added 40 pL, 1 nM DNA origami
solution to a dialysis bag (M,, cut-off 12,000), placing it into 500
mL of protein crystallisation and stirred it overnight. All three
methods ensured that the DNA assembly buffer was fully
replaced with protein crystallisation. After changing the buffer,
the solution was left at room temperature for at least 2 hrs
followed by AFM characterisation. The protein crystallisation
buffer for catalase stabilised the DNA origami significantly better
than the other three, with the structure remaining stable after the
one-off buffer exchange for at least 24 hrs, Fig. 2. The gradient
buffer exchange method yielded the same outcome for catalase,
Fig. S3; however, even the mildest condition for the exchange
buffer via dialysis did not result in intact DNA origami structure
with few DNA origami observed, maybe due to the DNA sticking
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to the dialysis tube®, Fig. S3. Taking all of these results into
account, we concluded that protein crystallisation may not L -
ideal or compatible conditions during the assembly of DNA
origami probably due to an adding-up effect. Whereas, by
exchanging the original DNA assembly buffer with prote'n
crystallisation via either one-off or gradient buffer exchange, the
DNA origami structure was retained for catalase. For the rest of
the studies the most straightforward one-off method was
employed.

The common variations of the four components in protein
crystallisation buffer conditions are summarised as follows:
cations are Na*, K*, Ca*, NH," at concentrations of 0.1-0.2 M;
Tris, HEPES, PEPES and MES buffers are most often used:
precipitating agents mainly fall into three categories: 1) salts
(high concentration, e.g., 3-5 M), 2) alcohols, 3) polymers; the pH
of the buffer usually ranges from 4 to 10. Hence, the impact of
salts, buffering agents, precipitants (alcohol, polymer and salt .
high concentration) and pH were examined individually. In ea *
experiment, the DNA assembly buffer was employed as the
baseline recipe, apart from the factor of interest, all other aspec*~
were maintained the same.

First, the impact of salt on origami was examined. It was noted
that monovalent ions were not good for adhering DNA origami
structures onto mica'®. Therefore, due to imaging purposes tr-
buffer was exchanged with DNA assembly buffer right before
AFM characterisation. Fig. S4 showed that when the 12.5 mM
Mg®* was replaced with 200 mM Na®, the buffer exchange did not
influence the formation of DNA origami. However, in the 200 mM
Ca** solution, tubular DNA origami could not form so was not ¢
suitable condition for DNA hybridisation. When the 12.5 mM Mg**
was replaced with 200 mM K" or 200 mM NH," cations, large
rectangles and wreckages were observed attributed to the loop
tension and electrostatic repulsion effects.

Next, we sought to study the stability of DNA origami in different
buffering agents, such as Tris, HEPES, PEPES and MES. The
concentrations were all set at 100 mM. The AFM images in Fig 1
and Fig. S5 showed that DNA origami formed in all four buffers.
Though in Fig. S5¢c, a few unusually long tubular structures were
spotted, these structures were dimers or trimmers due to the -1
interaction between ends of DNA origami, which does not
influence the stability of DNA origami structure. Hence, the
tubular structures were still deemed intact. From this observation
that the buffering agents in protein
crystallisation buffer were amiable for the DNA origami.

Ethanol, 2-methyl-1,3-propanediol (MPD), and glycerol were the
selected alcohols and added at a concentration of 10% (v/v). Fig.
S6 showed that the presence of alcohol did not interfere with the
tubular structure of DNA origami. Buffer mixture contained
precipitants PEG at different molecular weights of 2000, 400"
and 8000 g/mol were prepared at a concentration of 30 % (w/v).
The AFM images in Fig. S7 revealed that PEG was mild and did
not affect the formation of DNA origami. According to previor
studies, PEG has been used as a crowding agent to assist ti =
formation of G-quadruplex'' and double crossover'’, which
explains why the DNA origami could still form in the presence >f
PEG. High concentrations of NaCl are widely used as
precipitants in protein crystallisation. Results shown in Fig. ¢ 8

it was concluded
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highlighted that there were no DNA wreckages or aggregates at
2 M or 3 M NaCl, However, there was no DNA origami formed in
the presence of NaCl solution at a high concentration of 4 M,
likely due to the large amounts of Na® strongly promoting
aggregation of DNA origami.
We made a final observation on the influence of pH which is a
key factor in origami assembly. The buffer at a pH range of 4-10,
was prepared (adjusted by HCI and NaOH), and it was observed
that except for pH 4, DNA origami remained stable and intact at
pH 5-10, Fig. S9. The results of the variation of these four factors
in protein crystallisation are summarised in Table 2.

Table 2. Summary of the influence of each factor on the stability of post-

assembly 22 nm diameter tubular DNA origami. These were performed via

the one-off buffer exchange. v/ and ¥ mean the structures were stable and
unstable respectively at those conditions.

Na' K Ca™ NH,"
Cation
v x x x
Tris HEPES PEPES MES
Buffering agent
v v v v
alcohol
ethanol MPD glycerol
v v v
salt
Precipitant 2M NaCl 3M NaCl 4M NaCl
v v x
polymer
PEGa000 PEGao00 PEGso00
v v v
4 5 6 7 8 9 10
pH
x v v v v v v

The results of this entire study can be summarised as follows :i)
the condition for origami assembly was crucial, whereas the
stability range of already assembled origami was broader; ii)
sudden exchange of buffer did not disrupt the tubular structure of
the DNA origami, hence, abrupt exchange using cut-off was
more straightforward and recommended for future work; iii) the
systematic studies indicated that most variations, from the
baseline condition, made to match individual crystallisation buffer
components retained origami structure. It was found that Na*
(0.2-3 M), common buffer agents, Tris, HEPES, PEPES and
MES buffer, 10% (v/v) alcohol/30% (w/v) PEG precipitants, and
a wide pH range (5-10) in the buffer, would not disrupt the
structure of tubular DNA origami. However, K*, Ca**, NH," at a
concentration of 200 mM and Na" at a concentration of 4 M, may
break the tubular DNA origami structure, though the mechanisms
are unknown; iv) we successfully stabilised the tubular DNA
origami structures in catalase protein buffer; however, the other
three non-extreme conditions chosen in this study failed to
stabilise it. One may conclude that the factors of concern have
an adding-up effect and should be analysed more thoroughly not
simply as individual components. Further work should be done to
investigate the exact mechanism of the adding-up effect. In
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addition, attempts on making more robust origami structure may
also be made to off-set these challenges.

Conclusions

This pioneering work offers a systematic approach for studying
tubular DNA origami stability in various protein crystallisation
buffers. Directly assembled DNA strands in protein crystallisatior
buffer did not lead to the formation of DNA origami in the four
model proteins (lysozyme, thaumatin, human serum albumin,
and catalase). Based on the findings on catalase, we found that
assembled structures were stable following buffer exchanges.
Systematic studies demonstrated that individual factors in protein
crystallisation buffers at certain ranges can still result in the
successful assembly of DNA origami. This is a fundamental
study that provides a strategy for screening suitable buffer
conditions for DNA nanostructures, potentially to promc
crystallisation of target proteins.
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