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INTRODUCTION 

Much effort has been devoted to understanding the molecular 
properties of DNA essential to store, transfer, and support the 
evolution of biological information, all thought to be central to 
the phenomenon that we call “life”. Despite its elegance and 
familiarity, standard Terran DNA has proven not to be the 
only molecular system able to do all three of these, not even in 
the Terran biosphere.1−4 Accordingly, synthesis of new 
biopolymers with structures different from natural DNA/ 
RNA has proven critical to developing our understanding of 
the contributions of the phosphodiester backbone,5 the 
deoxyribose/ribose sugar,6,7 and the nucleobase structures8 
to the ability of biopolymers in general to support Darwinian 
evolution. Some of these “xeno nucleic acids” (XNAs) have 
dramatically different molecular recognition architectures.9,10 
At the same time, novel features of some XNAs confer 
additional functionality and/or altered properties on these 
molecules, allowing them to support new technologies with 
applications ranging from diagnostics11 to therapy.12 

To date, most of this synthetic biology has been done within 
the context of standard Watson−Crick pairs, adding only a few 
unnatural nucleotides to DNA molecules that retain large 
numbers of standard pairs. For example, unnatural base pairs 
that rely solely on hydrophobic interactions, from pioneering 
work of Kool,13 Romesberg,14 and Hirao,15 have been added 
only at a few sites within DNA molecules that are otherwise 
entirely standard. Even when hydrogen bonding is retained in 
non-standard nucleotides within a Watson−Crick context, 
where independent replication is ensured by alternative 
arrangements of hydrogen bond donor and acceptor groups, 

most synthetic biology has just added these to the standard 

four nucleotides in DNA “alphabet” to create six16 or eight17 

“letter” DNA alphabets that retain large numbers of natural 

nucleotides and increase the information density of the 

polymer. In one case, the pairing retains the same acceptor− 

donor patterns even though members of the pair (benzo- 

homologues) are unnatural.18 

Here, we ask whether a nucleic acid analogue that has the 

same information density as standard DNA can be supported 

within a Watson−Crick pairing architecture, but with entirely 
unnatural synthetic components. This is termed an “ALter- 

native Isoinformational ENgineered” (ALIEN) DNA. 
We started with two pairs of non-standard nucleotides that 

should form two non-standard Watson−Crick pairs: the P:Z 
pair, between 2-amino-8-(1′-β-D-2′-deoxyribofuranosyl)-imida- 

zo-[1,2a]-1,3,5-triazin-[8H]-4-one and 6-amino-3-(1′-β-D-2′- 

deoxy ribofuranosyl)-5-nitro-1H-pyridin-2-one, and the B:S 

pair, between 6-amino-9-(1′-β-D-2′-deoxyribofuranosyl)4-hy- 

droxy-5-(hydroxymethyl)oxolan-2-yl]-1H-purin-2-one and 3- 

methyl-6-amino-5-(1′-β-D-2′-deoxyribofuranosyl)-pyrimidin-2- 
one. The hydrogen-bonding patterns joining the P:Z and S:B 
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ABSTRACT: A fundamental property of DNA built from four informational nucleotide units (GCAT) is its 
ability to adopt different helical forms within the context of the Watson−Crick pair. Well-characterized 
examples include A-, B-, and Z-DNA. For this study, we created an isoinformational biomimetic polymer, 
built (like standard DNA) from four informational “letters”, but with the building blocks being artificial. This 
ALternative Isoinformational ENgineered (ALIEN) DNA was hypothesized to support two nucleobase pairs, 

the P:Z pair matching 2-amino-imidazo-[1,2a]-1,3,5-triazin-[8H]-4-one with 6-amino-3-5-nitro-1H-pyridin- 
2-one and the B:S pair matching 6-amino-4-hydroxy-5-1H-purin-2-one with 3-methyl-6-amino-pyrimidin-2-one. We report two 
structures of ALIEN DNA duplexes at 1.2 Å resolution and a third at 1.65 Å. All of these are built from a single self-complementary 
sequence (5′-CTSZZPBSBSZPPBAG) that includes 12 consecutive ALIEN nucleotides. We characterized the helical, nucleobase 
pair, and dinucleotide step parameters of ALIEN DNA in these structures. In addition to showing that ALIEN pairs retain basic 
Watson−Crick pairing geometry, two of the ALIEN DNA structures are characterized as A-form DNA and one as B-form DNA. We 
identified parameters that map differences effecting the transition between the two helical forms; these same parameters distinguish 
helical forms of isoinformational natural DNA. Collectively, our analyses suggest that ALIEN DNA retains essential structural 
features of natural DNA, not only its information density and Watson−Crick pairing but also its ability to adopt two canonical forms. 
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pairs are chemically orthogonal from each other (Figure 1) and 

from those joining standard nucleobase pairs. 
 

 

 

Figure 1. Natural nucleobase pairs T:A and C:G are shown along 
with unnatural pairs S:B and Z:P that comprise ALIEN DNA. 
Hydrogen-bonding interactions are shown as dashed lines. Green 

bonds are C-glycosides. Green lobes indicate electron density 

presented to the minor groove. 
 

 

To achieve this non-standard hydrogen-bonding pattern, the 
heterocycle on Z must be attached to its carbohydrate by a 

carbon−carbon bond (a C-glycoside, Figure 1, green bond), 

rather than the carbon−nitrogen bond (N-glycosidic) that 
attaches natural nucleotides to their carbohydrate backbones. 
In this implementation of the S hydrogen-bonding pattern, a 
similar C-glycosidic linkage is used in the design. 

In addition, although Z is size-similar to a pyrimidine, 
chemical stability with respect to oxidation and epimerization 
requires the Z heterocycle to have an electron-withdrawing 
group at its “5-position”. In the implementation of the Z 
hydrogen-bonding pattern used here, a nitro group serves this 
purpose. However, the nitro group effectively makes this 
nucleobase larger than standard pyrimidine nucleobases. As 
another distinction, to achieve its distinctive hydrogen-bonding 
pattern, the nucleobase on S must present a hydrogen bond 
donor (rather than acceptor) to the minor groove, in contrast 
to all standard nucleobases and the other non-standard 
nucleobases used in this study. 

How do the non-standard P:Z and B:S pairs behave relative 
to standard pairs? In previous studies with 6-letter DNA (A:T, 
G:C, P:Z) and 8-letter “hachimoji” DNA (A:T, G:C, P:Z, and 
B:S), rule-based molecular recognition is observed and 
thermodynamically quantifiable. Furthermore, this information 
can be transferred by transcription to RNA. ALIEN DNA 
follows size (shape) complementarity and hydrogen bond 
complementarity. Therefore, ALIEN DNA can do what natural 
DNA can, but it can work orthogonally. These properties 
motivated us to analyze ALIEN DNA’s structure. 

Crystallographic analysis of such molecules in B-form has 
been assisted by the ability of a “host” protein, the N-terminal 
fragment of the reverse transcriptase from Moloney murine 
leukemia virus, to anchor ends of a 16-mer self-complementary 
duplex DNA (the “guest”).19 The span connecting these 
anchors can be observed without any direct contact with the 
protein. Structures of hachimoji DNA of three different 
sequences, one with six consecutive P:Z and B:S pairs, were 
captured in B-form DNA structures using this host−guest 
system.17 A DNA-only crystal structure of a sequence including 
six consecutive P:Z pairs was shown to adopt A-form.20 

These examples afforded the first information on the 
properties of consecutive unnatural nucleobases embedded in 
a natural context. The only other structural characterization of 
an unnatural base pair in the context of a DNA duplex is an 
NMR structure reported for dMMO2-d5SICS pair, in which 
the hydrophobic base pairs violate the hydrogen-bonding and 
size complementarity rules to give an intercalative stacking 
mode.21 

Structural flexibility is exploited in modern Terran biology 
with standard DNA. It allows standard DNA duplexes to adopt 
different helical forms that support different biological 
functions. The ability to adopt different helical forms has 
been attributed to the properties of the nucleobase pairs and 
their ability to change slide and roll parameters in order to 
transition from B to A-form DNA.22 

Here, we analyze the structures of DNA including 12 
consecutive unnatural base pairs, ALIEN DNA. We had no 
expectation with respect to the helical form(s) that ALIEN 
DNA might adopt, especially given that natural DNA can 

 
 

 

 

Figure 2. Crystal structures of ALIEN DNA 5′-CTSZZPBSBSZPPBAG in DNA-only and in a host−guest complex. (A) B7 and (B) A3 crystal 
structures determined at 1.2 Å in DNA-only lattices. Z is shown in green, P in blue, B in red, S in yellow, and A, T, G, and C in light gray. (C) B7 
(green) and A3 (blue) superimpose with an rmsd of 1.1 Å for 23 nucleobases. (D) Crystal structure of ALIEN DNA crystallized in our host−guest 
complex; the full complex is shown in Figure S1. 
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adopt intermediate forms.23,24 Nor could we predict any of the 
inherent parameters associated with non-standard nucleobase 
pairs in ALIEN DNA. Here, we report three crystal structures 
of ALIEN DNA, two captured in A- and one in B-form, in 
which the ALIEN DNA retains many natural features. 

 
RESULTS 

Crystal Structures of ALIEN DNA. We crystallized the 

self-complementary sequence 5′-CTSZZPBSBSZPPBAG in 
duplex form in two DNA-only lattices (A3 and B7) and as the 
“guest” in a host−guest complex with the N-terminal fragment 

atom onto the z-axis of the dimer middle frame” and the half 

distance of this projection, respectively, to distinguish A- and 
B-forms of DNA. “Dimer” in this context refers to a 
dinucleotide step; the coordinate frame is explained within 
the study by Lu et al.27 

Our plots of Zp versus ZpH, slide versus roll, and x- 
displacement versus inclination for our reference structures are 
similar to those previously reported with A- and B-forms 
separating into distinguishable clusters.25 Zp values for B-DNA 
range from −1.39 to 2.11 Å, ZpH values −2.19 to 4.27 Å in 
our reference set of B-form DNA captured in host−guest 
structures (Figure 3A). Our new host−guest ALIEN DNA 

of Moloney murine leukemia virus reverse transcriptase serving             
as the host. The oligonucleotides include two natural base pairs 
on the ends. These are the first structures to include 12 
consecutive unnatural nucleobase pairs, namely P:Z and B:S 
pairs (Figure 1), the next closest being the host−guest complex 
of the 1.7 Å hachimoji structure of 5′-CTTATPPSBZZA- 
TAAG containing 6 consecutive unnatural nucleobase pairs. 
Both P:Z and B:S pairs are joined by three Watson−Crick 
hydrogen bonds and are, in this regard, more similar to G:C 
pairs than they are to A:T pairs. 

To phase the 1.2 Å DNA-only structures, we prepared the 
known phosphoramidite of 7-deaza-7-bromo-isoguanosine (Q) 

to allow for introduction of Br atoms into a crystal of the 
sequence 5′-CTSZZPBSQSZPPQAG. This supported a Br 

SAD phasing experiment. All three DNA-only “stand alone” 
structures crystallized in different lattices (Table S1). We 
obtained a 1.8 Å experimentally phased map and built a 
starting model containing natural nucleotides (Figure S1). We 
used this structure as the search model to determine the 
structure of B7 by molecular replacement phasing. We 
modeled the correct sequence and then refined the structure 
to 1.2 Å (Figure 2A). Both B7 and the brominated duplex 
crystallized in lattices with half of the duplex in the asymmetric 
unit. The final DNA-only structure (A3) crystallized in a lattice 
with the entire 16-mer in the asymmetric unit. 

We  successfully phased the  A3 structure   by  molecular 
replacement using the model with the correct sequence 
obtained for the B7 structure and refined this 1.2 Å structure 
(Figure 2B). We did not obtain a molecular replacement 
solution using the model containing natural nucleotides used 
to solve B7. Although the overall structures of B7 and A3 are 
similar, they are not identical (Figure 2C). However, the 
central portions of the structures superimpose well with an 
rmsd of 1.1 Å for 23 of the 32 nucleobases (rmsd 1.8 Å for all 

nucleobases). Crystallographic packing interactions likely 
impact the ends of the structures. 

We crystallized the same sequence as a host−guest complex 
to obtain a different helical form of ALIEN DNA. We solved 
this structure by molecular replacement using the host protein 
as the search model and obtained unbiased electron density 
maps for the DNA. The refined 1.65 Å structure clearly 
exhibits a helical form different from that observed in the 
DNA-only lattices (Figure 2D). 

ALIEN DNA Adopts A- and B-Helical Forms. To 

determine the helical form of ALIEN DNA in our crystal 
structures, we analyzed 31 A-DNA structures reported at 
resolutions of 2 Å or higher with unmodified nucleobase pairs 
(Table S2) and 29 B-DNA structures reported at resolutions of 
2.35 Å or higher in the same crystal lattice as our new structure 
(Table S3) using 3DNA. The program 3DNA25,26 uses Zp and 
ZpH values defined as the “projection of the phosphorous 

Figure 3. DNA-only ALIEN DNA structures are A-DNA and host− 
guest DNA complex as B-form in (A) Zp vs ZpH, (B) slide vs roll, 

and (C) x-displacement vs inclination plots. Black + symbols indicate 

parameters for B-DNA from our reference data, gray open diamonds 
indicate the A-DNA reference set, red-filled circles indicate the host− 
guest ALIEN DNA, and yellow-filled squares indicate DNA-only 
ALIEN DNA structures. 

 
 

 

structure has Zp values ranging from −1.13 to 1.18 Å and ZpH 
values −1.76 to 4.8 Å. The point (1.18, 4.8) is the natural step 
at the end of the oligonucleotide. For A-DNA structures, Zp 
values range from 0.49 to 3.01 Å and ZpH values 0.37 to 6.8 Å 
(Figure 3A). Our two DNA-only structures exhibit Zp values 
in the range of 2.18 to 2.79 Å with ZpH values of 1.86 to 6.04 
Å, which fall well within the reference cluster. 

Similar to the analysis for Zp versus ZpH, values for our 
structures fall within the expected clusters in plots of slide 
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versus roll (Figure 3B) and x-displacement versus inclination 

(Figure 3C) for A- versus B-form DNA. Thus, we conclude 
that the two DNA-only structures are A-form, while the DNA 
in the host−guest complex is B-form. We refer to these  
structures as the A- and B-ALIEN DNA structures below. 

Nucleobase Pairs in ALIEN DNA and  Natural  DNA  
Have Similar Conformational Properties. To compare the 

properties associated with specific nucleobase pairs and 
dinucleotide steps in ALIEN versus natural DNA, we analyzed 
local base pair shear, stagger, buckle, propeller, and opening 
and local base pair step slide, rise, roll, and twist for all possible 
nucleobase pairs and dinucleotide A- and B-DNA steps for the 
selected reference structures. Local base pair parameters 
impact hydrogen-bonding interactions between paired nucle- 
obases. In the DNA-only structures, all P:Z and B:S 
nucleobase pairs form three hydrogen bonds with distances 
ranging from 2.8 to 3.1 Å. For the host−guest complex, the 
Z:P pair at position 5/12 exhibits significant shearing (−1.88 
Å); this positions O6 of P outside of the normal hydrogen- 
bonding distance to N4 of Z at 3.5 Å (Figure 4A). The 

 
 

 

Figure 4. In B-DNA, the Z5:P12 pair (A) shown in green and blue, 
respectively, and S3:B14 pair (B) yellow and magenta, respectively, 
form only two hydrogen bonds. Loss of the third hydrogen bond 
results from shearing of the Z:P pair and from a combination of 
relatively large opening and propeller angles in the S:B pair. In 
comparison, the G6:C11 pair (C) exhibits significant shearing but 
retains all three hydrogen bonds, while G8:C9 (D) has only two 
hydrogen bonds due to shear and propeller effects. 

 
 

 
 

negative shear value observed for this Z:P pair is 0.4 Å larger 
than the most negative value (−1.36 Å) observed in our 
reference data set for a G-C pair in a natural DNA sequence 
containing three consecutive Gs (PDB ID: 4XPE). The S:B 
pair at position 3 forms only two hydrogen bonds as well; N2 
of S forms a hydrogen bond with O2 of B and N3 of S with N1 
of B (Figure 4B). This nucleobase pair exhibits an opening 
angle of 9.82° and a propeller angle of −16.9°, which results in 
positioning of O4 in S and N6 in B 3.7 Å apart. All other 
unnatural nucleobase pairs form three hydrogen bonds as 
expected. 

By way of comparison, we considered whether shearing and 
loss of full hydrogen-bonding in B-DNA occurred in natural 
DNA sequences. DNA crystals of sequences including 5′- 
GGGCCC or 5′-GGGCCG are exclusively A-form DNA, but 
our host−guest complex including 5′-GGGCCC within the 16 
bp ds duplex crystallized in B-form. In this structure, the G:C 
pair at position 6 exhibits shearing of −1.4 Å but retains all 
three Watson−Crick hydrogen bonds. The G:C pair at 
position 8 is less sheared (−1.29 Å) but with a propeller 
angle of −8.4° compared with that of −5.6° for position 6; this 
pair has only two hydrogen bonds (Figure 4C,D). 

For all parameters analyzed with one exception, nucleobase 
pairs and dinucleotide step parameters for ALIEN DNA fall 
within those observed for natural A- or B-DNA structures, and 
the only parameters distinguishing A- and B-DNA are slide and 
roll values (Figure 5A−C). Dinucleotide steps in B-DNA 
exhibit slide values that fall within a range of −1.65 to 1.96 Å 
for all possible dinucleotide steps, while those in A-DNA range 
from −2.75 Å to −0.35. The base pair step PZ/PZ exhibits a 
higher slide value (+2.52 Å) than observed in our reference B- 
structures (Figure 5B). 

One significant chemical difference between natural 
pyrimidine nucleobases T and C and ALIEN pyrimidine-like 
nucleobases, Z and S, is the linkage between the nucleobases 
and the deoxyribose sugar. All natural nucleotides are N- 
glycosides, while Z and S are C-glycosides (Figure 1), with the 
C1′ sugar atom covalently bonded to the C1 atom of the 
nucleobase (the green bonds in Figure 1). We examined C1′− 
C1′ distances in our ALIEN nucleobase pairs and compared 
them to those in natural nucleobase pairs (Figure 5D). These 
distances are tightly clustered in our ALIEN nucleobase pairs 
and fall within the range observed in natural DNA; however, 
the average distance is longer in ALIEN DNA. The average 
C1′−C1′ distance in natural B and A forms is 10.5 and 10.6 Å, 
respectively; the average in ALIEN B and A is 10.7 and 10.8 Å, 
respectively. 

A second parameter that we examined was the sugar 
conformation. We found that the distribution of sugar 
conformations for our ALIEN DNA structures was very similar 
to those in natural structures with the most common sugar 
conformation of C2′ endo in B-form and C3′ endo in A-form 
(Figure 5E). In both ALIEN and natural B-form structures, 
56% of sugars are in the C2′ endo conformation. In the very 
high resolution A-form ALIEN DNA structures, 97% (A3) and 
100% (B7) of the sugars are in the C3′ endo conformation, 
while in the reference A-form 74% are C3′ endo. Thus, by all 
of these criteria, ALIEN DNA exhibits properties that are 
similar to natural DNA in the context of both A- and B-helical 
forms. 

Shifts in ALIEN DNA Parameters in B- Versus A-Forms 
Mirror Those Observed in Natural DNA. In 1984,  

Calladine and Drew proposed a base-centric model to explain 
how DNA transitioned between B- and A-forms.22 In this 
model, conversion of a B-form helix to that of an A-form helix 
involves an increase in roll angle of 12° and a negative slide 
value (−1.5 Å). If we compare the slide values for ALIEN 
nucleobase pairs in B-form versus A-form (Figure 6A), we 
observe that all PZBS nucleobase pairs exhibit a significantly 
more negative slide value in A- than in B-form. With the 
exception of base step 5 for the PZ/PZ step (+2.52 Å), slide 
values fall between −0.82 and 1.25 Å in B-form and between 
−2.2 and −1.58 Å for the same sequence in A-form. With the 
exception of the third nucleobase pair S:B, roll angles in A- 
form DNA are significantly larger than in the same nucleobase 
pairs in A-form (Figure 6B). 

The transition between B and A-form DNA was mapped 
more fully in 13 crystal structures of d(GGCGCC) including 
brominated and methylated versions that adopt intermediate 
helical forms. In this analysis, x-displacement, slide, and Zp 
values vary smoothly (either gradually increasing or decreas- 
ing) through intermediate forms distinguishing a transition 
from B to A-forms.24 Our study compares the exact same 
ALIEN sequence in two A-form structures and one B-form 

structure. Both x-displacement and Zp values distinguish 
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Figure 5. Local base pair and base pair step parameter plots for natural and ALIEN DNA base pairs are shown for (A) shear, (B) slide, (C) roll, 
(D) C1′−C1′ distances, and (E) sugar puckers arranged by pseudorotation angles. PZBS-A3 and B7 are the DNA-only structures, PZBS-HG is the 
host guest ALIEN DNA. The most common sugar puckers observed are C3′ endo for A-form and C2′ endo in B-form. 

ALIEN DNA in B-form versus A-form (Figure 6C,D) for every 

ALIEN nucleotide base pair step in our structures. x- 
displacement values are consistently more positive in B- than 
A-form ALIEN DNA (Figure 6C), while Zp values are 
consistently more negative (Figure 6D). Thus, ALIEN DNA 
appears to transition between B- and A-forms through a base- 
centered mechanism similar to that observed in natural DNA. 
The only example of a natural sequence, 5′-CCGCCGGCGG, 
that crystallized in A- and B-form,28−30 exhibits patterns for 

differences in slide, roll, x-displacement, and Zp values similar 
to those observed for our ALIEN DNA (Figure S2). 

 

DISCUSSION 

Studies of unnatural molecular systems that reproduce the 
behaviors of natural genetic biopolymers yield information 
having both scientific and technological values. First, 
alternative informational biopolymers, such as ALIEN DNA, 

define the scope of chemistry able to store information. This 

“synthetic biology” lets us learn whether the nucleic acids 

delivered by prebiotic chemistry and natural evolution are 
unique solutions to the problems posed by genetics, or 

whether other solutions are possible.5−10 

Technology with alternative genetic systems generally 
recruits natural enzymes, proteins, and even cells. This has 

been the case where components of ALIEN DNA have been 
used in environmental surveillance products (P and Z),11 in 

human diagnostics products (B and S),11 and in therapeutic 

strategies (P and Z).12 Such recruitment requires some level of 
structural compatibility between ALIEN DNA and those 

recruited systems, which (in turn) interact with natural DNA 

and RNA as dynamic systems. Here, alternative conformations 
are exploited, often adaptively, in natural systems. This makes 

it important to understand the conformational versatility of 
ALIEN DNA. 
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Figure 6. Shifts in base pair step parameters observed in A- vs B-forms of ALIEN DNA. Base pair steps indicated as numbers 3−8 are SZ/PB, ZZ/ 
PP,  ZP/ZP,  PB/SZ,  BS/BS,  and  SB/SB,  respectively,  with  parameters  from  DNA-only  structures  indicated  in  open  diamonds  for  B7,  black 

diamonds for A3, and red circles for the ALIEN DNA host−guest complex shown for (A) slide, (B) roll, (C) x-displacement, and (D) Zp values. 

Our host−guest system selects for 16-mer duplex DNA 
sequences that can adopt B-form.31,32 The ALIEN 5′- 
CTSZZPBSBSZPPBAG is the latest of many sequences to 
be crystallized in B-form using this system. And yet, this same 
sequence readily crystallized as A-form DNA in DNA-only 
crystals in precipitant solutions that would preclude formation 
of a host−guest complex, namely 20% methylpentandiol and 
2.0 M ammonium sulfate. To date, this is the only sequence 
that we have crystallized in both A- and B-form. Crystals of 5′- 
CTTATPPPZZZATAAG (4XNO) in a DNA-only lattice were 
also obtained in a condition including 1.7−2.0 M ammonium 
sulfate,20 similar to one of the conditions noted above, but did 
not crystallize in the host−guest system. In a separate study to 
be published elsewhere, we crystallized three oligonucleotides 
including 10 consecutive PZBS pairs in host−guest complexes 
as B-DNA, but none of these sequences crystallized in A-form. 
Based on these studies to date, we suggest that ALIEN DNA 
exhibits sequence preferences for A- and/or B-form DNA. 

Collectively, our analyses of high-resolution crystal struc- 
tures of ALIEN DNA suggest that it shares fundamental 
structural features of natural DNA including the ability to 
adopt both A and B helical forms. One could argue that these 

ALIEN nucleobases retain features that are similar to natural 
nucleobases, and thus, our findings are consistent with the 
notion that the nucleobases dictate many of the properties 
associated with DNA. Through characterization of ALIEN 
DNA, we have the opportunity to evaluate the generality of 
mechanisms like the Calladine−Drew22 nucleobase centric 
model, which might have been regarded as being peculiar to 
standard DNA. Thus, we might ponder the uniformity of A:T 
and G:C nucleobase pairs as the genetic material in Terran 
organisms when other nucleobase pairs would meet many of 
the criteria deemed critical for Darwinian evolution at a 
structural level, including the ALIEN DNA described here. 

EXPERIMENTAL PROCEDURES 

Synthesis and Purification of Oligonucleotides Containing 
Four Natural Nucleotides (dG, dA, dC, and T) and AEGIS 
Nucleotides (dZ, dP, dB, dS, and dQ). Standard phosphoramidites 
(Bz-dA, Ac-dC, dmf-dG, dT and dB: dmf-isodG-CE Phosphorami- 
dite) and CPG having standard residues were purchased from Glen 
Research (Sterling, VA) and AEGIS phosphoramidites (dZ, dP, and 
dS) were purchased from Firebird Biomolecular Sciences LLC 
(Alachua, FL). 7-Bromo-7-deaza-isoG (dQ) phosphoramidite was 
prepared by following the study of Seela et al.33 All oligonucleotides 
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containing dZ, dP, dB, dS, and 7-bromo-7-deaza-dB were synthesized 
on an ABI 394 DNA Synthesizer following standard phosphoramidite 
chemistry and as previously reported.34 The CPGs having 
oligonucleotides were treated with 2.0 mL of 1 M DBU in anhydrous 
acetonitrile at room temperature for 24 h to deprotect the NPE group 
on the dZ nucleobase. Then, the CPGs were filtered, dried, and 
treated with concentrated ammonium hydroxide at 55 °C for 16 h. 
After the removal of ammonium hydroxide, the oligonucleotides 
containing dZ, dP, dB, and dS were purified on ion-exchange HPLC 
and then desalted using Sep-Pac Plus C18 cartridges (Waters). 

Crystallization of ALIEN DNA. The oligonucleotide 5′- 
CTSZZPBSBSZPPBAG was dissolved in 10 mM HEPES pH 7.0, 
10 mM MgCl2, annealed at 70 °C for 20 min, and then slowly cooled 
to room temperature at a concentration of 2.5 mM duplex. We 
screened Natrix 1 crystallization (Hampton Research, Inc) conditions 
for the DNA sample alone using our Orxy4 crystallization robot in 
vapor diffusion sitting drop plates with drops including 0.3 μL of 
DNA and 0.3 μL of the precipitant solution. Crystals of DNA grown 
in two different conditions from the Natrix screening solutions, A3 
and B7, were used for data collection following optimization. A3 
crystals were obtained from 0.1 M magnesium acetate, 0.05 M ADA 
pH 6.5, and 20% methylpentanediol. These crystals were cryocooled 
directly from the sitting drops. Crystals of the B7 condition were 
obtained from 0.1 M magnesium sulfate, 0.05 M ADA pH 6.5, and 2.0 
M ammonium sulfate. B7 crystals were cryocooled in the precipitant 
with 20% glycerol. To phase the DNA-only structures, we crystallized 
5′-CTSZZPBSQSZPPQAG (Br2), Q being 7-Br-7-deazaisoG, in 0.01 

M magnesium sulfate, 0.05 M HEPES pH 7.0, and 2.2 M ammonium 
sulfate. Host−guest crystals of the oligonucleotide were obtained from 
vapor diffusion hanging drops with 1 μL of a complex containing 0.43 
mM N-terminal fragment of Moloney murine leukemia virus reverse 
transcriptase and 0.86 mM duplex DNA and 1 μL of precipitant 
solution containing 5 mM magnesium acetate, 0.05 M ADA pH 6.5, 
and 9% PEG 4000. The drops contained microseeds generated from 
host−guest crystals of a natural 16-mer duplex sequence diluted in the 
precipitant solution. 

Data Collection and Structure Determinations. Data were 
collected at the Advanced Photon Source, LRL-CAT, beamline 31-ID 
for A3, B7, and HG at 0.97933 Å and for Br2 at 0.91987 Å (Table 
S1). We used SHELX (CDE)35 to identify two Br sites within an 8- 
mer duplex in the asymmetric unit of this crystal and then calculate 
phases for the Br2 structure at 1.8 Å. The experimental electron 
density map was readily interpretable (Figure S1). A polyA model was 
autobuilt into the electron density map using NAUTILUS.36 This 
polyA sequence was mutated in COOT to include two natural pairs 
on the end, T for S and Z and G for B and P for initial refinement in 
REFMAC5.37 The refined model was then used as the search model 
in molecular replacement calculations performed in PHASER38 for 
the B7 structure, which also includes an 8-mer duplex in the 
asymmetric unit, albeit in a different lattice. The unnatural base pairs 
were modeled in COOT,39 and the structure was refined using 
PHENIX.40 The refined model for B7 was then used as the search 
model for molecular replacement in PHASER38 for the A3 structure. 
For this structure, the natural model derived from Br2 did not 
produce a molecular replacement solution. The A3 crystal includes a 
16-mer duplex in the asymmetric unit and provides a snapshot of the 
entire duplex. Adjustments to the model were done in COOT39 
followed by refinement in PHENIX.40 

The  host−guest  complex  of  5′-CTSZZPBSBSZPPBAG  was 
determined by molecular replacement in PHASER38 using the 
protein model alone as the search model. A model for the DNA 
was built into the unbiased electron density map starting with the first 
two base pairs and then adding base pairs and iteratively refining the 
model in PHENIX.40 The model was built initially as a natural model 
with T for S or Z and G for B or P. Once the 8 bp duplex had been 
modeled and refined, the natural base pairs for positions 3−8 were 
replaced with the correct unnatural base pairs. In the Fo−Fc electron 
density maps, positive peaks for the oxygen atoms of the nitro groups 
were apparent for Z nucleobases prior to modeling of the unnatural 
nucleobase pairs. A parameter file for each ALIEN nucleotide was 

generated and used for refinement. Following refinement of the 8 bp 
duplex, a single strand 16 base oligonucleotide was created and the 
phosphate backbone joining nucleotides at positions 8 and 9 was 
adjusted. This final model was then refined in PHENIX.40 Coordinate 
files have been deposited with RCSB identification codes of 8CRY, 
8CRZ, and 8CS0 for A3, B7, and HGSZZ, respectively. 

Database for Comparative Analysis of DNA Parameters. We 
performed an advanced search for A-form DNA within the RCSB 
database and selected structures deposited between the years 1991 
and 2021 having a resolution of 2.0 Å or less (Table S2). We 
compiled the DNA structures in B-form from host−guest complex 
structures all crystallized in the same lattice (Table S3). These 
structures were all determined at resolutions ranging from 1.5 to 2.35 
Å. We analyzed the structures using web.x3DNA.org database26 and 
compiled all of the structural parameters. From each structure, we 
omitted the modified natural base pairs such as pairs with methylated 
or uracil bases, CTT/GAA base pairs interacting with protein, and 
unnatural base pairing such as purine−purine or pyrimidine− 
pyrimidine pairs. This yielded a list of 31 structures of A- and 29 of 
B-form. We compiled a list of structural parameters for all natural base 
pairs and base pair steps, which includes C1′−C1′ distance, 
phosphorus positions (Zp and ZpH), local base pair step parameters 

(slide and roll), local helical parameters (x-displacement and 

inclination), and sugar puckering. 
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