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A Pseudo-Rotational Online Service and Interactive Tool (PROSIT) designed to perform complete
pseudorotational analysis of nucleosides and nucleotides is described. This service is freely available at
http://cactus.nci.nih.gov/prosit/. Files containing nucleosides/nucleotides or DNA/RNA segments, isolated
or bound to other molecules (e.g., a protein) can be uploaded to be processed by PROSIT. The service
outputs the pseudorotational phase ariglguckering amplitude’ma, and other related information for

each nucleoside/nucleotide detected. The service was implemented using the chemoinformatics toolkit
CACTVS. PROSIT was used for a survey of nucleosides contained in the Cambridge Structural Database
and nucleotides in high-resolution crystal structures from the Nucleic Acid Database. Special cases discussed
include nucleosides having constrained sugar moieties with extreme puckering amplitudes, and several specific
DNA/RNA helices and protein-bound DNA oligonucleotides (Dickerson-Drew dodecamer, RNA/DNA hybrid
viral polypurine tract, Z-DNA enantiomers, B-DNA containing (&)threofuranosyl nucleotides, TATA-

box binding protein/TATA-box complex, and DNA (cytosine C5)-methyltransferase complexed with an
oligodeoxyribonucleotide containing transition state analogue 5,6-dihydro-5-azacytosine). When the puckering
amplitude decreases to a small value, the sugar becomes increasingly planar, thus reducing the significance
of the phase angle. We introduce the term “central conformation” to describe this part of the pseudorotational
hyperspace in contrast to the conventional north and south conformations.

INTRODUCTION the sugar pucker because only two torsion angles are
independent variables even though there are five endocyclic
torsion angles in a furanose ring. The pseudorotational wheel
results wherP andvpxare plotted in a polar graph, as shown
in Figure 1. By convention, a phase angle Bf= 0°
corresponds to an absolute north conformation possessing a
symmetrical twist formiT, whereas its south antipod,,

is represented bl = 18C°. For the majority of nucleosides,
the value ofP normally falls in a tight range in the vicinity

of either one of these north and south extremes. While in
the solid state only one form predominates, in solution the
two conformations are in a rapid dynamic equilibrium
dictated by the balance of stereoelectronic, gauche, and
anomeric effects, which are in turn influenced by the

The ability of the furanose ring in nucleosides(tides) to
adopt multiple conformations, often with comparatively little
difference in energy, represents a formidable challenge to
our understanding of the relationship between conformation
and biological activity. A picture emerging from recent
studies is that the majority of nucleoside(tide) target enzymes,
whether anabolic or catabolic, appear to have strict confor-
mational requirements for substrate binding, accepting the
furanose ring only in a specific well-defined shapéFour
conformational parametérare required to define the shape
of a nucleoside(tide): (A) the glycosyl torsion anglevhich
determines the syn or anti disposition of the base relative to

the sugar moiety; (B) the torsion anglewhich determines electronegativity, ionization state, steric bulk, and relative

thueck%rrliimitfl?ﬁe?Lr;hn%sgfrli-'n (%reiﬁggj%hattﬁé; (rgs;haen Iestereochemistry of all the substituents on the furanose ring.
P g d y P 9 When the furanose ring occupies similar domaingPof

of pseudorotationP (0°—36C); and (D) the degree of T or 27) | -
deviation from planarity of the furanose ring indicated by (2_ or 3T) in polymeric structures (e.g., RNA and DNA),
this leads to two different categories of polynucleotide

the maximum out-of-plane puckery.. These last two i o
parameters were first defined by Altona and Sundaraliigam conformations known as A- and B-type families. The A-type
when they introduced the concept of pseudorotation to conformation is generically described as having the furanose

describe the puckering motion of the five-member furanose 1Ngs close to a'3endo environmentR = 18°) whereas in
ring in nucleosides(tides). The value Bfin combination "€ B-type the conformations the furanose rings are in an

with the puckering amplitudema can adequately describe ~ €nvironment close to a'2ndo conformationR = 162).
Changes between A- and B-type conformations can occur
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Figure 1. The pseudorotation wheel for pentofuranosyl nucleosides showing the characteristic north, south, east, west, and central
conformations. T denotes twist and E denotes envelope. The units 6fahe v, are degrees. The radius of the wheel corresponds to
vmax @nd the small concentric circle encompasses a central region characterized by a flatter sugavmgietR(®).

The need to rapidly and accurately access information program PSEUROT developed by Altona and co-workérs
about the state of the furanose moiety in nucleosides(tides)to calculate pseudorotational parameters based on experi-
individually, embedded in a polynucleotide DNA/RNA chain  mental NMR coupling constants. PROSIT is one of several
isolated, or in complex with other molecule(s) (most com- online services offered by the Computer-Aided Drug Design
monly proteins) is thus encountered in various contexts whenGroup of the Laboratory of Medicinal Chemistry, National
dealing with such molecules: One may need to gain a quick Cancer Institute at Frederick, National Institutes of Health
overview of the structural details of a crystal structure; one (NIH). These services include, among others, the Enhanced
may want to know what the sugar pucker would be in a NCI Database Browser Releasé’Zhe Self-Organized Map
proposed novel molecule, for example, to be synthesized in(SOM) of Compounds Tested in the NCI anti-HIV Screen,
the context of drug design; or one may want to analyze what the Cancer Screening Data 3Dminer, and the Online SMILES
the effect of incorporation of an unnatural nucleotide would Translator and File Format Converter. All these services can
be on the overall structure of a DNA tract. This need, often be accessed at http://cactus.nci.nih.gov/. Particularly worth
felt in our own modeling work in these fields, and to our mentioning in this context is the Pseudorotation Visualization
knowledge unmet by any of the major molecular modeling tool (http://cactus.nci.nih.gov/pseudo-visual/), which allows
packages in an automated, rapid, and convenient mannerthe user to modifyP andvnax interactively and observe the
prompted us to develop the Pseudo-Rotational Online Serviceresulting conformational changes in a 3D model of a five-
and Interactive Tool (PROSIT). PROSIT is an online tool membered ring.
developed to rapidly calculate Altona’s pseudorotational While for the analysis of “normal” DNA and RNA
parametefs and is available at http://cactus.nci.nih.gov/ structures it may seem sufficient to be able to detect and
prosit/. Files containing 3D coordinates of a single com- process the five standard nucleotides, in other contexts,
pound, multiple compounds, or complexes can be submittedparticularly in drug development, analogues of the standard
through the web browser at the above URL. The tool nucleosides(tides) with “unnatural” sugar and/or nucleobase
automatically identifies all the nucleoside(tide) molecules moieties play an important role. Therefore, great care was
amenable for the calculations, even when present as part otaken to make the pattern used in the substructure search
a large macromolecular complex. This allows the user to routine as general as possible, while preserving the require-
submit directly a file from the Protein Data Bank (PDB) ment that the structure(s) recognized should still be similar
without the need to identify or mark the DNA, RNA, small to what most chemists in the field would consider to be a
oligonucleotide, or individual nucleoside(tide) molecule(s) nucleoside(tide) analogue. Obviously, the exact location of
contained in the file. When PROSIT is applied to an this boundary is a matter of definition. It will therefore always
individual nucleoside(tide), the tool is complementary to the be possible to construct a structure that someone might see
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File Submizsion Form Help E-mail G. Sun for bug reports, comments and questions

PROSIT: Pseudo-Rotational Online

Service and Interactive Tool
(Calculates the psendorotational phase angle and
puckering amplitude for nucleosides/nucleotides)

File Submission Form
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PROSIT Result:

Pseudorotational Phase Angle (P),
Puckering Amplitude(v, . ), . and 7y

for Nucleosides/Nucleotides

L 50

180
Distribution of the nucleosides in CSD

Input_File= EABDLO84.pdb

[E:\BOLOB4 pott t ENGINEERED: YES

(All major file formats, including PDB, SDF, MOL, XYZ ..., are
supported. The file may contain one molecule, several molecules, Molecule
DNARNA sequence or DNARNA complexed with protein.) Ho. B T O Y - R T TYPE

1, {I'=8} -20.34 33.08 33.13 2205 -1.21 163.52 34.54 -105.92 -70.03 Cyt, C2'-endo
2,{1'=27} 2385 3661 -34.85 2227 078 160.03 37.08 -8535 4296 Gua, C2"-endo

3,{1'=49} -24.85 5.63 13.87 -28.75 33.78 6534 33.25 -132.42 50.09 Cyt, C4"-exo

~ Molecule/Molecular Complex (sample SD file and resulf)
Or DNA/RNA Strands (sample PDE file and resulf)

Type of Structure t 4, {1'=68} -25.66 37.12 3394 2006 335 15620 37.09 -93.66 50.13 Gua, C2"-endo
r‘SmgleSh'and 5, {1'=90} -20.90 31.16 2930 1771 2.03 158.03 31.59 -118.58 353.71 Ade, C2"endo
~ Double Strand
& Auto Detect Figure 3. Screenshot of a typical result page of PROSIT.
« None “Single Strand” option that causes the results of the identified

Graphic Display 2D display (GTF)
3D display (requires Chime plug-in, works in Netscape only)
F Print atom 1' of the sugar.
& Print the values of v -v,.
Output Options Print alpha- or beta-type of nucleoside.
F Print sugar pucker (e.g. C2-endo).
™ Debug Mode (will print a lot of messages).

nucleotides to be printed following the order in which they
are found. The “Double Strand” option pairs the first
nucleotide with the last, the second with the second to last,
etc. to denote the existence of a double-helix structure when
the number of nucleosides is even. The user should be aware
that a double-stranded DNA/RNA with an overhang of an
even number of nucleotides would lead to a mismatch in
the assignment of the base pairs by the tool with the “Double
Strand” option. If the number of identified nucleotides is
odd, the nucleotides will simply be listed in the order they
as a nucleoside analogue but that the tool will not recognize were found. The “Auto Detect” option determines the
as such. Examples of what the tool currently recognizes sequence of each strand and prints the results for each strand
include analogues with carbocyclic “sugar” moieties, sugars sequentially from the'send to the 3end. Additional display
containing double bonds, sugars or pseudosugars withoptions can be selected in the “File Submission Form”,
practically any replacement of hydrogen by a functional including 2D or 3D graphic displays. The values of the
group, anda-nucleosides. Examples of structures not cur- torsion angles/—v,, the anomeric positionQl'), stereo-
rently recognized include DNA abasic sites and molecules chemistry of the sugar, and sugar pucker characteristics can
containing seven-membered rings in the nucleobase moiety be requested to be included as part of the final output. The
The present manuscript first describes the user interfaceDebug Mode prints large amounts of messages for debugging
and the underlying algorithm of the online tool. We then purposes.
present a survey in which PROSIT was used to analyze all Once the Submit button on the File Submission Form is
the nucleosides(tides) contained in high-resolution structuresclicked, the chosen file is transferred to the web server
in the Cambridge Structural Database (CS3nd in the together with the selection of display options. The pseudo-
Nucleic Acid Database (NDBY. which both serves to  rotational phase angl®), puckering amplitudeit,ay), torsion
exemplify the usefulness of the tool for convenient and rapid angley, and torsion angles for the nucleosides(tides) are
analysis of structures and delivers an interesting overview calculated, tabulated in HTML format, and displayed in the
of actually occurring molecules. Finally, selected molecules web browser client. Figure 3 shows a typical output of the
with extreme sugar conformations and several DNA or RNA first five nucleotides belonging to one strand of a DNA
fragments are presented as examples to illustrate the scopeuplex. Any 2D or 3D display of the compound would follow
and robustness of the online service. (not shown in Figure 3). If the uploaded file contains more
than one entry detected to be processable, each entry is
treated and displayed sequentially on the same results page.

To calculate the pseudorotational parameters using PROS_After the file is processed, the definition of the parameters

T he 3D coornates of the compound or complex are TP, OlONed by 2 ey 0 e e Rmoer o
required. The user needs to upload the chosen file Comammgpyrimidine bases, and the number @f-anomers. At the

the 3D coordinates through the File Submission Form at end of the results page a line indicates the normal termination
http://cactus.nci.nih.gov/prosit/. A typical screen sample of of the script, and the time of the calculation is posted.

the File Submission Form is shown in Figure 2. The file
can be in various chemical representation formats such as
PDB, SDF, MOL, or XYZ. Removal of molecules that are COMPUTATIONAL METHODS

not of interest is not necessary since the nucleosides(tides) PROSIT consists of two parts: (A) The File Submission
are automatically identified. The user can specify whether Form and the Help page, both written in standard HTML;
the file contains a molecule or molecular complex, or DNA/ and (B) a CGI script written in the Tcl scripting language
RNA strands. For DNA/RNA strands, the user can select a that performs the actual identification of nucleosides(tides),

Figure 2. Typical screen display of the File Submission Form of
PROSIT available at http://cactus.nci.nih.gov/prosit/.

USER INTERFACE
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Figure 4. Connection patterns of purine- and pyrimidine-type

nucleosides used in substructure searches to identify nucleosides-

(tides) in PROSIT. PROSIT is able to distinguish betweerand

pB-nucleosides. Figure 5. Depiction of torsion angles present in nucleosidgs-(
Vg, ¥ @ndy).

calculation of pseudorotational parameters and presentatio
of the results. PROSIT's CGI script uses the Chemical
Algorithms Construction, Threading, and Verification System
(CACTVS) v.3.2583 CACTVS is a chemoinformatics
extension of Tcl capable of handling chemistry-related
information. The current release of free academic version
of CACTVS can be obtained from http://www.xemistry.com/
academic/.

At the beginning of the script, the uploaded file is written
to a temporary location. Each compound in the file is, in
turn, read in (automatically performed by the CACTVS
command “molfile loop”), and is checked for the existence
of 3D coordinates. Those compounds with 3D coordinates
are subjected to a substructure search (“match ss” CACTVS

" carbon atorrboth cases that would be matched by the
SMARTS pattern currently defined as acceptable substruc-
tures.

The torsion angleso—v4, ¥, andy are calculated from
the 3D coordinates, following Saenger’s notatias shown
in Figure 5. The pseudorotational phase anglednd the
maximum puckering amplitudev,y) are calculated from
egs 3. Since the arctan function produces angles in the
range of—90° to 9C°, 18C is added to arctapf whenv; is
negative to obtain th@ values in the range of 96-27¢
(south); 360 is added to arctapf in the remaining cases
wherep is negative to obtaiR values in the range of 276
360" (north).

command) in order to identify all possible sugar moieties. B (v —vg) = (v3—vy)

The atoms at th€1' position of the sugar moieties are then P= 2*v,*(sin 36° + sin 72) (1)
used as anchors in the search for nucleosides. The patterns

shown in Figure 4 are coded in the script as SMARTS arctanp + 180 ««eeeeee if v, <0, else
strings, the substructure specification dialect of the SMILES P ={arctanp + 360 ++++++++ ifp <0,else (2)
languagé; and used as the search criteria for nucleosides arctanp

with purine and pyrimidine bases. The resulting list of atoms v,

is used to define the torsion angles needed to calculate the Vinax = abs(cosP) 3)

pseudorotational parameters. To accommodate the diverse
variety of synthetic nucleosides, we use a fairly loose  When the “Auto Detect” option is selected for DNA/RNA
definition of what constitutes a nucleoside in the substructure strands, the number of strands and the sequence of each
search. It is the user’s responsibility to verify that the strand are automatically determined by searching for the
structure(s) matched by the search patterns do indeedphosphorus linkage between the nucleotides. First,‘taad
correspond to nucleosides(tides) or analogues. The standar® phosphorus atoms are separately identified for each
deoxyribose and ribose nucleosides(tides) are recognized ahucleotide. The sequence of a strand is then determined when
this step and labeled on the results page as Ade, Gua, Cyta phosphorus atom is shared between one nucleotide at the
and Thy for 2-deoxyriboses and ade, gua, cyt, and ura for 3' position and another at thé position. The results are
riboses. Then/f stereochemistry of the sugars (Figure 4), listed sequentially in the order of 5> 3' for each strand.
defined by the stereo configuration of ti@l' atom, is If requested by the user, the optional 2D graphic display
determined within the context of the CACTVS substructure is generated using the GIF structure-drawing feature of the
search functionality. The stereo type is denoted accordingly CACTVS toolkit. For 3D display, the Chime plug-in from

as “Alpha” or “Beta” on the results page. In cases where MDL Information Systems, Inc. is required. The Chime plug-
the stereo configuration of thel' atom is not clear, itis in can be obtained free of charge from http://www.
labeled as “unknown”. Though quite unlikely to happen with  mdlchime.com/.

“normal” structures submitted with reasonable 3D coordi-  The script for PROSIT is structured in such a manner that
nates, this could occur, for example, if the nucleoside later modifications to the script for the purpose of adding
analogue contains a double bond to @® position in the new types of nucleosides(tides) to the list of recognized
“sugar” ring or if theC1' position has a nitrogen instead of motifs requires only the simple addition of the SMARTS
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Figure 6. Distribution of the pseudorotational phase argland puckering amplitudena, for S-nucleosides (a) and-nucleosides (b) in
the Cambridge Structural Database.

Table 1. Several Compounds with Extreme Sugar Conformation
from the Cambridge Structural Database
P

strings of the new sugar and nucleoside structures. This
capability is demonstrated below with an example of a

Vinax Sugar

nontraditional DNA structure containing (lo-threofuranosyl CSD entry Structure (deg)  (deg)  Conformation  Ref.
nucleotides. S
EBOZAW "O/\:CVN ° 1667 5759  North 18
RESULTS AND DISCUSSION R .
We have used PROSIT to calculate the pseudorotational Yy
. . . WAXLEM N 97.15 6.77 Central 22
parameters for all the nucleosides found in the Cambridge Ho«g ° 6535 091  Central
Structural Database, as well as nucleotides in either RNA W,
or DNA strands that crystallize alone or bound to proteins ‘Al
found in the Nucleic Acid Database. This section presents e D\ S I >
the results of these studies. This both illustrates the conven- o
ience and power of the tool for analyzing even quite large HT ~
°O—'<NfN,) 27602 3450  West 28

datasets and allowed us to generate an overview of structural 'EHNIT <<_7,
trends of interest in the fields of (oligo-) nucleotides, S
nucleosides, and analogues thereof. X
Nucleosides in the Cambridge Structural Database
Pattern searches in the C8Dsing the ConQuest softwdfe  bridged nucleotides. One such a compound (Table 1, entry
returned more than 980 entries having at least one nucleosidel, EBOZAW) has a locked north conformation with=
with either a purine or pyrimidine base. Among them, 871 16.67 and v, = 57.59.18 We performed quantum-
entries that have 3D coordinates and an R-factor of less thanmechanical calculations in the gas phase for this compound
0.075 were selected for the calculation of pseudorotational with Gaussian 08 using Density Functional Theory (DFT)
parameters. Since many asymmetric units in the CSD entriesat the B3LYP/6-31G* level of theor§?.21 The results (Figure
contain more than one molecule, a total of 1161 nucleosidessS1 and Table S1 in Supporting Information) show that the
were identified. The distribution d? andvmaxis plotted in X-ray crystal structure is indeed very close to the optimal
Figure 6 showing the hyperspace of geometries accessiblestructure. This confirms that the unusually highs value
to north- and south-type pseudorotamers fferand o-nu- of the molecule is not the result of crystal packing forces
cleosides. Mosg-nucleosides (Figure 6a) have either a north- and that the extreme G&ndo pucker observed for the sugar
type conformation withP within the 0—30° range, or a  reflects the strain of the [2.2.1] bicyclic moiety.
south-type conformation witR values between 186-18C°. At the other end of the scale, there are compounds that
The north/south hyperspace for the fewemnucleosides  have small puckering amplitudes. When the puckering
appears slightly shifted toward the western hemisphere amplitude is very small, the five-member ring has essentially
(Figure 6b). The distributions obtained from these calcula- become planar and the meaning of the phase aRgie
tions are nearly identical to previously reported figures in therefore less significant. As a complement to the north/south
Deleeuw et al® and Latha et al’ The vmax values, corre-  terminology, we introduce here the concept of a “central
sponding to the radii of the concentric circles in Figure 6, conformation” to describe nucleosides with small,values
fall mainly in the range of 30-45°. of less than 20 (Figure 1). Compounds having a central
While the majority of nucleosides have a puckering conformation include '23-didehydro-2 3'-dideoxynucleo-
amplitude ¢may below 43, a number of compounds have side$?with a G=C bond between Cand C3. One member
vmax Values as large as 80A group of compounds with a  of this class of compounds;,2-didehydro-2,3-dideoxyuri-
large vmax vValue are the synthetic’-®, 4'-C-methylene dine (Table 1, entry 2, WAXLEM), hagyaxvalues of 0.91
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Figure 7. Distribution of the pseudorotational phase arfgl@nd puckering amplitude,.xof nucleotides of all (a) RNA and DNA combined,
(b) RNA, (c) A-DNA, and (d) B-DNA in selected high-resolution crystal structures from the Nucleic Acid Database (NDB).

and 6.77, respectively, for the two molecules in the DNA/RNA Duplexes. Single-crystal structures of DNA
asymmetric unit. Nucleosides having a central conformation segments obtained from X-ray diffraction studies have
also include the anti-HIV active compounds FaTand provided a wealth of structural information about the nature
N-MCDA4T 24 On the other hand, the structurally similar anti- of DNA duplexes?®* PROSIT can rapidly and automatically
HIV active compound, carbovir, hasvaax value of 28 and provide the pseudorotational parameters associated with the
P around 90 in the single-crystal structuré,which may individual sugar moieties of DNA and other oligomeric
seem to conflict with structures observed for DAT and structures. However, an adequate assessment of the impor-
N-MCDA4T. However, a recent ab initio stutiyhas shown tance of the conformational polymorphism of the sugar
that carbovir has a flat potential energy surface when the tip moieties in these structures can be questioned if the

of the five-membered ring (40) is moved “up” or “down” uncertainties of the refined 3D coordinates are such that they
between two envelope conformations, while at the same timeentail considerable uncertainty in thg throughv, values
retaining a planar conformation around tHg2C=C bond. used as input for the pseudorotational calculations. Therefore,

This indicates that the molecule can access the east, centralpnly high-resolution structures were selected to calculate
and west sugar conformations easily. Such a flexibility in pseudorotational parameters with PROSIT in the following
carbovir has been speculated to be essential for its anti-HIV analysis.
activity 2 In the Nucleic Acid Databasg&,we found 72 entries with
Few compounds are found in the east or west conforma- 10 or more residues per strand that were obtained with 1.55
tions. These relatively rare cases result mainly when the A resolution or better. Among these 72 entries (see Table
molecule has a constrained sugar structure. Examples of thes2S in Supporting Information), twelve are RNA structures
are an east methanocarba nucleoside with a fuessib and nine are DNA or RNA structures bound to proteins; the
cyclopropane ring at the’' 3 position (Table 1, entry 3]} rest are DNA structures. The combined results of the
and the west 7,8-dihydro-8;6yclonebularine analogue with  pseudorotational parameters of the 1629 nucleotides identi-
a two-atom tether connecting C8 and'#able 1, entry fied in these structures are shown in Figure 7a with the
4)28 exception of two nucleotides having,.x values larger than
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60° (which thus fall outside the graph area). The majority BDL084
. . 5! 3!
of the nucleotides in these crystal structures of DNA or RNA (163.52, 34.54) 1 C--G 24 (13.75, 34.32)
are fou_nd in the usual north z_ind south hemispheres. On the (160.03, 37.08) G--C (17.53, 36.16)
north side of the pseudorotation wheel, the sugar conforma- (65.34, 33.25) c--G (151.20, 40.28)
tions concentrate heavily within thé & P < 30° and 30 (156.20, 37.09) G--C (93.33, 40.61)
< Vmax < 50° area. RNA (Figure 7b) and A-form DNA 8:222 gg’iii giég; :Z'gi’;
(Figure 7c) are the main constituents of the north cluster. (125.24. 34.76) — (127.51, 32.43)
On the south side, a wider range of sugar conformations (126.89, 36.72) T--A (173.29, 31.36)
seems to be accessible in oligonucleotides compared to what :ii; ::, 222;; g“g (1(22-38' gg‘;:;
is seen with isolated single nucleosides (compare Figures (163.82. 36.64) c-—G (129.57. 33.12)
6a and 7a). The normal range of 246 P < 18(° and 30 (207.36, 25.36) 12 G--C 13 (163.51, 30.67)
< vmax < 50° is still more populated than other areas, but a 3' 5
significant number of nucleotides have an east sugar BDLBSS
conformation withP values of ca. 90 (0O4-endo). Figure 51 31
7d shows that B-form DNA represents the largest source of (169.36, 35.52) 1 C--G 24  (8.76, 37.58)
sugars with a south conformation. The central part and the (159.34, 33.31) G--C (16.74, 34.53)
entire west side of the pseudorotation wheel are sparsely (39.20, 35.26) c--¢ (149.22, 39.91)
C ) . ) (168.79, 32.85) G--C (127.54, 39.81)
populated. This is not unexpected since nucleotides having (152.79, 35.29) 5 A--T 20 (120.11, 40.02)
a west or central sugar conformation are normally chemically (131.32, 35.99) A--S (96.30, 46.24)
modified, and such nonstandard nucleotides have not ap- 1‘2?2;' gé-gg) S--A ‘122'32’ g:gg)
peared in many of the deposited high-resolution crystal §159:78’ 34:54; g:: 5163:25’ 33:02;
structures of DNA or RNA helices. (149.83, 43.39) 10 G--C 15 (35.92, 37.19)
In the following section, we present and discuss several (160.98, 34.74) ~ c--¢  (136.02, 30.77)
. R (88.24, 42.09) 12 G--C 13 (151.12, 45.05)
interesting individual DNA/RNA structures as useful ap- 31 5

plications of PROSIT.

B-DNA DodecamersThe Dickerson-Drew DNA dodeca- BDLB84 51 3
mer d(CGCGAATTCGCG) was the first right-handed B- (169.21, 34.61) 1 C--G 24 (17.56, 36.49)
form DNA whose X-ray crystal structure was soh&@d@The (158.41, 32.63) G--C (20.81, 32.25)
most recent high-resolution crystal structures of this molecule (1‘22' gi' 2132; g:g gig 22' g;ig;
(NDB BDLO84y** and two modified sequencéswith one (160.16, 30.94) 5 A--S 20 (95.72, 44.59)
or two 2-deoxy-2-fluoroarabinofuranosyl thymine (S) resi- (144.89, 29.50) A--8 (102.40, 34.91)
dues per strand (ST dodecamer, NDB BDLB84 and SS (103.09, 38.97) S--A (148.75, 33.04)
dodecamer, NDB BDLBS85) were evaluated using PROSIT o3 0 340 ee  ames 33 0e
with the Auto Detect option “on” to let the tool determine (147.85, 43.68) 10 G--C 15 (31.94. 35.40)
the sequence. The calculated phase aRghad puckering (163.40, 33.97) c--G (41.14, 26.77)
amplitudevmax (Figure 8) were essentially the same as the (73.91, 35.65) 12 §T'§.13 (164.33, 38.19)

values reported earliét.The B-form helical structure of the Figure 8. Pseudorotational phase angland puckering amplitude
Dickerson-Drew dodecamer is the result of the Z-incompat- Vmaxfor a conventional Dickerson-Drew dodecamer (BDL084) and

ible AATT segment counteracting the Z-forming tendencies o modified dodecamers containing-&&oxy-2-fluoroarabino-

of the tetrameric CGCG end®The Z-forming tendencies  furanosyl thymine (S) residues at positions 7 and 19 (BDLB85)
of the CGCG segments, however, are still visible in the slight and at positions 7, 8, 19, and 20 (BDLB84).

zigzag modulation at both ends of the helix, whereas the

central part .Of the he_le is much smoother. The majority of the low-energy south conformation toward the higher-energy
the sugars in the Dickerson-Drew dodecamer have southeast conformation

sugar conformations with a G2ndo pucker._ Some devia- _ RNA/DNA Hybrid Viral Polypurine TractDuring the
tions from the low-energy sugar conformations are Seen in oy ovira| conversion of single-stranded RNA into double-

the central part of the helix where T7, T8, and A18 have the stranded DNA in human immunodeficiency virus (HIV), the

Cl-exo pucker withP around 126, and T19 has &T viral polypurine tract (PPT) is the primer in the synthesis of
conformation withP = 143.02. the second strartt. These purine tracts are resistant to
The overall structures of the modified SS and ST cleavage during first-strand synthesis and need to be cleaved
dodecamers resemble that of the native dodecamer, butby reverse transcriptase (RT) for the second strand synthesis.
noticeable structural differences were found for the modified At the RNase H active site, RT makes contacts primarily
residues themselvé3The 2-deoxy-2-fluoroarabinofuran- along the backbone of the RNA of which the sugar moieties
osyl thymines incorporated in the oligonucleotides assume are an integral part. Recently, a high-resolution (1.10 A)
the east conformation, although the individual nucleosides X-ray structure has been obtained for the first 10 base-pairs
have been shown to favor the south conformatfohill six of the RNA/DNA hybrid PPT, r(caaagaaaag)/d(CTTTTC-
S residues (four in the SS dodecamer and two in the STTTTG).® It was found that in the RNA strand the adenine-2
dodecamer) have values within 98—104°, clearly indicat- ribose possesses E&ndo conformation instead of the usual
ing the presence of an Géndo pucker. The east conforma- C3-endo conformation of RNA. Using PROSIT to confirm
tions of the S residues seem to follow the trend of the T this finding we calculated the pseudorotational parameters
residues in the native dodecamer insofar as they deviate fromfor the sugar moieties in the high-resolution X-ray structures
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UH0005 ZDF040
5' 3! D-DNA
(4.79, 39.79) 1 c—-G 20 (178.32, 42.41) 5/ 37
(173.72, 48.75) a--T (24.80, 33.75) (170.34, 30.47) 1 C--G 12 (151.96, 30.51)
(9.31, 42.04) a--T (13.36, 38.60) (34.04, 33.03) G--C (157.37, 38.84)
(12.63, 37.47) a--T (19.02, 39.20) (165.98, 42.11) C--G (19.90, 32.40)
(0.24, 43.95) g--C (16.90, 39.66) (36.78, 32.74) G--C (153.06, 44.59)
(12.58, 44.79) a--T (12.83, 43.83) (155.28, 36.81) C--G (23.74, 30.98)
(16.59, 42.77) a--T (12.95, 41.09) (18.04, 40.86) 6 G--C 7 (149.80, 37.50)
(1.32, 37.77) a--T (11.76, 41.10) 37 5’
(6.77, 43.28) a--T (12.90, 44.06)
(10.52, 41.43) 10 g--C 11  (6.54, 39.18) L-DNA
3' 5¢ 5/ 3/
(350.34, 30.47) 1 C--G 12 (331.96, 30.51)
UH0006 (214.04, 33.03) G--C (337.37, 38.84)
5' 3¢ (345.98, 42.11) C--G (199.90, 32.40)
(1.93, 42.16) 1 c—-G 20 (152.88, 40.45) (216.78, 32.74) G--C (333.06, 44.59)
(171.34, 48.66) a--T (83.84, 21.80) (335.28, 36.81) C--G (203.74, 30.98)
(0.05, 40.85) a--T (15.92, 39.09) (198.04, 40.86) 6 G--C 7 (329.80, 37.50)
(14.35, 38.37) a--T (12.53, 39.25) 37 5/
(356.95, 41.47) g-—C (16.19, 40.16) Figure 10. Pseudorotational phase angiend puckering ampli-
(10.35, 45.17) a--T (10.28, 44.63) tude vmax for Z D-DNA and L-DNA helices in the NDB structure
(16.97, 44.77) a--T (18.04, 39.96) ZDF040.
(7.33, 37.88) a--T (15.09, 41.21)
(2.49, 42.99) a--T (13.86, 40.86) BD0060
(8.89, 40.82) 10 g--C 11  (9.43, 40.07) 50 30
3" 5! (168.79, 35.50) 1 C--G 24 (11.55, 40.39)
Figure 9. Pseudorotational phase an§l@and puckering amplitude (141.84, 38.20) G--C (21.09, 39.87)
vmax for the RNA/DNA hybrid viral polypurine tracts in the NDB (63.45, 32.94) c--G (147.71, 45.67)
structures UH0005 and UHO006. (162.57, 32.52) G--C (100.11, 40.28)
(148.30, 33.47) A--T (154.73, 31.80)
(146.05, 41.45) A—-T* (46.61, 44.89)
of the crystals grown with Mg (UH0005) and Ca (UH0006), (g;;i g;gg; T*-A :igg.gz, gz.gg;
: PR .71, 33. T--A .84, 36.
respectively. The results are shown in Figure 9. (150.31, 33.57) oG (172.15. 35.32)
Most sugar moieties in both structures have north con- (143.29, 49.01) G--C (42.83, 39.43)
formations withP values ranging from-4° to 20° andvmax (156.79, 40.67) c--G (110.30, 34.79)

. . 109.97, 27.47) 12 G--C 13 (165.78, 30.09
in the range from 37to 46°. However, two nucleotides ( ) 31 51 ( )

showed south characteristic. One is the _adenlne-z rlboseFigure 11. Pseudorotational phase anglend puckering ampli-
sugar at the 'send of the RNA strand, with a G2ndo  tydey,,for the B-DNA helix containing two (Lj-threofuranosyl
conformation P = 173.72; vmax = 48.75 in UH0005 and nucleotides in the NDB structure BD0060. ¥ (L)-a-threofuran-
P = 171.3%; vmax= 48.66 in UH0006). This switch from  osyl thymine.
C3-endo to C2endo was speculated to be important for
the rejection of the PPT by RNase H as it is not caused by yhile the second (G) has south conformation vithetween
crystal packing contactS.The other south sugar is found in 198 and 220.
a nucleo.t|de on the DNA strand: Guanine-20 has. IS B-DNA Containing (L)e-Threofuranosyl Nucleotideg.)-
2'-deoxyribose moiety clearly in the south conformation o.Threofuranosyl nucleotides (TNA) containing vicinally
gccordlng to the calculatd%ivalues_of 178.32and 152.88 connected (3— 2') phosphodiester linkages have been
in UHO005 and UHO006, respectively. shown to form base pairing in an antiparallel strand orienta-
Z-DNA Enantiomersin some special circumstances D-2  tion and cross-pair with DNA and RN&.Here we look at
deoxyribonucleotides can form DNA duplexes that adopt a the structure of the B-form DNA duplex [d(CGCGAA)T*d-
left-handed Z-DNA conformatic#i rather than the much  (TCGCG)} that has a single (Ly~threofuranosyl thymine
more common right-handed A- or B-DNA conformations. (T*) per strand®® Since the TNAs are not common nucleo-
In contrast, chemically synthesized L-@oxynucleotides  tides, PROSIT was modified to recognize these structures.
form more readily an unusual right-handed Z-DNA. The The modification included the addition of the SMARTS
X-ray crystal structure of the oligonucleotide d(CGCGE&G) strings to identify the sugar, the nucleoside, the stereochem-
contains both a left-handed Z-DNA composed of B-2 istry of the sugar, and thé &nd 3 phosphorus atoms of the
deoxyribose units and a right-handed Z-DNA composed of nucleotide. Our results, shown in Figure 11, are similar to
L-2'-deoxyribose units. We have calculated the pseudoro-the previously reported values Bfandvmay>° with the largest
tational parameters for these D- and L-DNA duplexes, as difference being #for P and 2 for vmax The authors of the
shown in Figure 10. In the zigzag-shaped Z-DNA, each original work did not identify the method they used for the
zigzag step has two nucleotides, C and G, respectively. Thecalculation ofP andvnma Little difference in the global struc-
first (C) of each zigzag step in the D-DNA duplex has south ture was seen between the structure of a DNA duplex con-
conformation withP in the range of 150-170°, while the taining a single TNA residue per strand and that of the
second nucleotide (G) has north conformation wRh reference structure consisting of normal residues. Consider-
between 18and 40. In the L-DNA duplex, all the torsion  able geometric changes, however, are seen at the sites of
angles are inverted, and therefore the sugar conformationghe TNA incorporation. Both threoses have'@4o pucker,
are also inverted. The first nucleotide (C) of each zigzag as shown by thé values: 57.78for T*7 and 46.62 for
step has north conformation witR in 330°—350° range T*19. This particular sugar configuration partly compensates
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P (deg) 0 PDEBOS
51 37
1T

(192.47, 39.04) G--C 26 (90.28, 66.39)
(144.04, 40.80) A--T (133.75, 41.90)
(129.64, 50.36) T--2A (183.51, 42.77)
(158.99, 46.54) A--T (152.46, 57.24)
(173.15, 47.34) G--C (152.67, 38.60)
(78.90, 62.93) c--G (173.10, 41.37)
(155.14, 42.88) G--F 20 (45.41, 41.83)
(76.48, 57.47) c--G (151.08, 46.64)
(159.28, 38.39) 10 T--A (150.13, 42.84)
(142.93, 28.28) A--T (113.57, 46.12)
270 (145.93, 49.74) T--A (151.46, 44.95)
(154.72, 44.98) c--¢ (184.20, 47.10)
T 14 (61.41, 52.43)

3" 5°

PD0034
51 37
1T

(69.45, 47.49) C--G 26 (141.98, 55.39)
(88.69, 53.86) c--G (48.88, 57.33)
(98.94, 52.50) A--T (151.88, 44.75)
(152.05, 44.06) T--A (167.36, 44.41)
(143.18, 58.88) G--C (169.67, 45.31)
1.12, 73.87 M-- 171.10, 44.52
Figure 12. Pseudorotational plot of the sugar conformations of ({27.01: 43.23; G__g 20 ((52.08: 39.25;
the DNA duplex bound to the TATA-box binding protein in the (119.12, 61.14) c--G (185.37, 39.62)
NDB structure PDRO031. The complementary strands are colored (147.36, 38.29) 10 T--a (137.06, 48.81)
in blue and red. (140.37, 34.03) G--C (122.52, 47.42)
(134.49, 40.23) A--T (141.33, 40.33)
for the shortened repetitive unit arising from the five (168.81, 44.73) C“g 14 (2.16, 47.23)

backbone bonds in TNA compared to the six backbone bonds 31 5

in DNA. Figure 13. Pseudorotational phase an@leand puckering ampli-
Besides the above examples, we also analyzed the sugatude vima for the B-DNA helices bound to DNA (cytosine C5)-

conformations in other DNA arrangements, including a methyltransferases in the NDB crystal structures PDEBO8 and
parallel-stranded guanine tetrapleformed by the hexa- ~ FD0034. F= 5-fluorocytosine, M= 5-methyicytosine, and B=

. . . . 5,6-dihydro-5-azacytosine.
nucleotide d(TGT) and a four-way Holliday junctich

formed by the DNA sequence d(CCGGTACCGGand rather flat, having puckering amplitudes,{,) in the range

found that PROSIT performed reliably and robustly with of 10°—30°. The small thin solid circle in Figure 12 encloses
these structures, too (results not shown). 13 out of the 16 sugars in the boxA/TATA element, most of
DNA-protein Complexes. PROSIT is able to identify  \hich have east conformations wihin the range of 70~
nucleosides(tides) as individual entitieS, as members of 120. Near|y all sugars in the Surrounding Segments have
molecular complexes embedded with other molecules, andthe usual south conformation of DNA.
as integral subunits of DNA or RNA strands in isolated DNA (Cytosine C5)-methyltransferaseBhe predicted
polymers or polymers bound to proteins. Here we show two mechanism of enzymatic transfer of a methyl group from
examples of DNA-protein complexes. Sadenosyk-methionine (AdoMet) to cytosine residues in
TATA-box Binding Protein (TBP)/TATA-box Complex DNA“involves the transient formation of a dihydrocytosine
Although archaea have been designated as the third kingdomintermediate covalently linked to cysteine at the active site
of life, distinct from eubacteria and eukaryoféshe basal of a DNA (cytosine C5)-methyltransferase (C5-MTase). Such
components of transcription in archaea resemble those founda dihydrocytosine intermediate has been confirmed by
in the eukaryotic RNA polymerase Il transcriptional syst€ém. crystallographic analysié of M.Hhal methyltransferase,
Archaeal transcription, like the eukaryotic polymerase Il AdoMet, and an oligodeoxyribonucleotide (ODN) containing
transcription, is initiated by an-AT-rich TATA-like segment 5-fluorocytosine (F13). Another ODN (DZ13) that contains
known as the “boxA” sequence. A 2.1-A crystal structure the transition state analogue 5,6-dihydro-5-azacytosine also
of the archaeal transcription complex containing TBP, showed complete inhibition of methylation by murine DNA
transcription factor B (TFB) and a DNA fragment has been C5-Mtase!’ The X-ray structure of the latter indicates that
reportedt In Figure 12 we present in graphic form the sugar the binding interaction between the ODN and C5-MTase is
conformations of the bound DNA calculated by PROSIT for similar to that in F13. Both crystal structures show that the
the promoter fragment [d(GOTAAAAGSTAAGTT)] to target modified cytosine residue is flipped out of the double-
illustrate the severe distortion of the eight-base pair box stranded helix to become buried in the enzymatically active
A/TATA element (italics) when bound to TBP in the minor  site#64’Figure 13 shows the pseudorotational parameters for
groove* This distortion is clearly apparent by looking at these two DNA helices as calculated by PROSIT. The target
the sugar conformation of this segment as plotted in Figure 5-fluorocytosine in F13 (PDEBO08) hasRavalue of 45.41
12, where the strand beginning with G1 is colored blue and and the target 5-azadihydrocytosine in DZ13 (PD0034) has
the complementary strand beginning with A18 is colored red. a pseudorotation phase angle of 52oth corresponding
Most of the sixteen sugars in the boxA/TATA element are to a C4-exo sugar pucker. The nucleotides surrounding the
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target C20 position have the usual south sugar conformation transcriptase can discriminate between two conformationally locked

_ ; : ; carbocyclic AZT triphosphate analoguek. Am. Chem. Soc 998
of B-DNA. The nucleotide G8 on the opposing strand is 120, 2780-2789.

south, while the C or M (5-methylcytosine) residues sur- (2) mu, L.; Sarafianos, S. G.; Nicklaus, M. C.: Russ, P.; Siddiqui, M. A.:
rounding G8 have east conformations wiin the range of Ford, H.; Mitsuya, H.; Le, R.; Kodama, E. et al. Interactions of
75°—120° conformationally biased north and soutklRoro-2,3-dideoxynucleo-
’ side 3-triphosphates with the active site of HIV-1 reverse transcriptase.
Biochemistry200Q 39, 11205-11215.
SUMMARY (3) Marquez, V. E.; Russ, P.; Alonso, R.; Siddiqui, M. A.; Hernandez,
S.; George, C.; Nicklaus, M. C.; Dai, F.; Ford, H. Synthesis of
A Pseudo-Rotational Online Service and Interactive Tool conformationally restricted carbocyclic nucleosides: The role of the

: . O(4)-atom in the key hydration step of adenosine deaminédsé..
(PROSIT) has been developed to perform rapid and auto Chim. Actal999 82, 2119-2129.

mated pseudorotational analysis for nucleosides online. (4) Marquez, V. E.; Ben-Kasus, T.; Barchi, J. J.; Green, K. M.; Nicklaus,
PROSIT is available at http://cactus.nci.nih.gov/prosit/. The M. C.; Agbaria, R. Experimental and structural evidence that herpes

: : ; ) 1 kinase and cellular DNA polymerase(s) discriminate on the basis of
online service reads a file from the user's computer and sugar puckerJ. Am. Chem. So@004 126, 543-549.

I’etUmS the pseud_orota_tional phase anﬁi_e puckering (5) Saenger, WPrinciples of Nucleic Acid StructureSpringer-Verlag
amplitudevmaxand, if desired, additional torsion angles, the New York Inc.: New York, 1984.

i ; ; (6) Altona, C.; Sundaralingam, M. Conformational Analysis of the Sugar
sugar conformation, and 2D or 3D graphic displays of the Ring in Nucleosides and Nucleotides. A New Description Using the

molecule. The usefulness of the tool has been demonstrated  concept of Pseudorotatiod. Am. Chem. Sod972 94, 8205-8212.
by a survey of the sugar conformations of the nucleosides (7) van Wiik, J.; Haasnoot, C. A. G.; de Leeuw, F. A. A. M.; Huckriede,

found in the Cambridge Structural Database. The results ~ B:D.; Westra Hoekzema, A.; Altona, @seurot 6.3/er. 6.3; Leiden
Institute of Chemistry: Leiden University, 1999.

confirm that most nucleoside analogues have a preference () ajona, c. Conformational-Analysis of Nucleic-AcidsDetermination
for either the north or the south conformations in the of Backbone Geometry of Single-Helical Rna and DNA in Aqueous-
pseudorotation wheel. The conformations observed for cases __ Solution.Recl. Tra. Chim. Pays-Bad982 101, 413-433. .
fallina outside the normal ranae seem to occur mostly when (9) Deleeuw, F.; Altona, C. Computer-Assisted Pseudorotation Analysis
alling . g . g . h y of five-membered Rings by Means of Proton Spin Spin Coupling-
the sugar moiety is distorted through constraints imposed Constants- Program Pseurol. Comput. Chen983 4, 428-437.

by additiona' Structura' e|ement5, as Crysta| packing forces (10) lhlenfeldt, W. D.; VOigt, J. H.; Bienfait, B.; Oellien, F.; Nicklaus, M.
C. Enhanced CACTVS browser of the open NCI databas€hem.

=

alone do not seem to force nucleosides to move into Inf. Comput. Sci2002 42, 46-57.

“unusual” regions of the pseudorotation wheel. A similar (11) Allen, F. H. The Cambridge Structural Database: a quarter of a million
survey of high-resolution structures of DNA and RNA helices crystal structures and risingcta Crystallogr., Sect. BOOZ 58, 380~
_Contamed the Nucleic Acid Database show Fhat most SUgarS(12) Berman, H. M.; Olson, W. K.; Beveridge, D. L.; Westbrook, J.; Gelbin,
in A-DNA and RNA adopt a north conformation and cluster A.; Demeny, T.; Hsieh, S. H.; Srinivasan, A. R.; Schneider, B. The
within a small area with < P < 30° and 30 < vpay < Nucleic-Acid Database- a Comprehensive Relational Database of

50°. On the other hand, sugars in B-DNA have mainly south g-Slgl'mensmnal Structures of Nucleic-Aciddiophys. J1992 63, 751—

conformations, albeiP values that can be as low as®90  (13) Ihlenfeldt, W. D.; Takahashi, Y.; Abe, H.; Sasaki, S. Computation
The results of the analysis of several interesting structures lé\llncti Maknaagzment OL ?heml(;:it/ll-F;rolpe:tnes |dn CCaefvsxtnbylz;;eacnhsuble

e H H etworke pproach towar odaularity an ompatubiay Chem.
of specific DNA/RNA helices show that in contrast to Inf. Comput. Sci1994 34, 109-116.
individual nucleosides, even standard nucleotides can be(i4) weininger, D. Smiles, a Chemical Language and Information-System
forced into unusual puckering states when they are part of ((3:-1- lntrtodSUC,}'ngg éozg/legﬂlﬁogglogy and Encoding RulésChem. Inf.

. - L T omput. Sci , 31-36.

an oligonucleotide (DNA or RNA). This S|tl{at|on is most (15) Bruno, I. J.: Cole, J. C.. Edgington, P. R.. Kessler, M.: Macrae, C. F.:
frequently encountered when the molecule’s conformation McCabe, P.: Pearson, J.; Taylor, R. New software for searching the

is forced to change by environmental factors or protein Cambridge Structural Database and visualizing crystal structiots.
Crystallogr., Sect. 002 58, 389-397.
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