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Table 5.2. Crystallographic Statistics. 

Data collection3 

Data set Resolution Observed Unique Completeness <I/cr> Rsym 
4 

(A) reflections Reflections (%) 

Bromine 2.8 21447 5367 97.2 40.0 3.1 

(native) (96.7) (24.0) (5 .7) 

Iodine 1.2 360925 122830 92.5 25.0 6.8 

(88.2) (3 .6) (27.8) 

Phasing statistics 

PhP5 
Rcullis 

6 

Derivative Resolution range Sites Acentric/centric 

Iodine 20.0-3 .0 A 10 1.68/1.54 0.59 

Quality of model 

DNA Intercalator Water Rcrys (RfreeF r.m.s.d. r.m.s.d. 

atoms atoms molecules bonds angles 

1610 145 374 17.0 (21.0)% 0.018 A 1.20 

3 Values in parentheses are for the highest resolution shell . 
4 

Rsym = LhkLL;lt - <I> l/I1ik1L; I; where I; is an intensity I for the ith measurement of a reflection 
with indices hkl and <I> is the weighted mean of all measurements of I. 
5 Phasing power is the mean value of the heavy atom derivative structure factor amplitude divided 
by the residual lack of closure error. 
6 Rcunis=I1ik1 llFp1z I - IFPI - F1z.catc l/L1ik1IFp1z - Fpl for centric reflections only. 
7 

Rcryst = L11k1llFobs(hkl)I - klFcalc(hkl)ll) I L11k11Fobs(hkl)I for the working set ofreflections, Rfree is 
Rcryst for 5% of the reflections excluded from the refinement. 
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Appendix 

Crystallization of Small Ligand-DNA Complexes 

The purpose of this appendix is to record some strategies I used for co­

crystallization of DNA oligonucleotides with small synthetic ligands. In addition, there 

are a couple of helpful references on the subject (Wang & Gao, 1990; Dock-Bregeon & 

Moras, 1992). Crystallization of small molecule-DNA complexes can be reduced to a 

few simple points: 1) oligonucleotide length, 2) palindromic sequences, 3) two possible 

crystallization conditions and 4) bromination of the oligonucleotide. Of course 

crystallization is mostly trial and error, but well-designed experiments apparently help the 

chance of success. 

Only a few different oligonucleotide lengths and resulting crystal forms are 

present for each DNA conformation in the Nucleic Acid Database (NDB) (Berman et al., 

1998). Consequently, the NDB serves as a useful resource when designing sequences to 

crystallize. For example, ten and twelve base pair lengths are common for B-form 

oligonucleotides. As a result of the 101 B-DNA screw axis (Saenger, 1984), the lOmers 

consistently crystallize as pseudo-continuous helices, whereas the 12mers overlap by two 

base pairs, with the major groove of one molecule tucked into the minor groove of the 

next. Accordingly, in retrospect a twelve base pair oligonucleotide was a poor choice to 

co-crystallize with a polyamide with an RPR-tail (Bremer et al., 1998) (Table A.1). The 

motif of end-end helix packing is common, not only for B-form lOmers, but also for 

intercalator-DNA complexes. There are many examples of the latter, but with few 

exceptions they are all variations of the hexamer 5'-CIGTACIG-3' (where I indicates the 

intercalation site) with two intercalators, one base pair from each end (for example, see 

Wang et al., 1980). The exceptions are the structures of nogalamycin•5'-CCqGGG-3' 
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(Cruse et al., I996) and actinomycin-D•5 '-GAAG[CTTC-3' (Kamitori & Takusagawa, 

I 992). Bearing this in mind, six and eight base pair lengths were exploited to obtain co­

crystals of Rh[en2]phi•5'-CTG[CAG-3 ' and Rh[Me2trien]phi•5'-GTTG[CAAC-3'. (Table 

A.2). 

The symmetry of the sequence also affects crystallization properties. Most DNA 

oligonucleotides that have been successfully crystallized are self-complementary, with 

pseudo-twofold symmetry. Asymmetric sequences are often associated with disorder in 

the crystals (Nelson et al., 1987; DiGabrielle et al., 1989, Han et al., 1998). Although I 

have tried to crystallize asymmetric sequences with hairpin polyamides, the rare crystals 

that resulted did not diffract (Table A. I). One alternative when crystallizing an 

asymmetric DNA binding molecule is to design the oligonucleotide to contain two 

binding sites related by the twofold symmetry. This was used to cocrystallize 

Rh[bpy2]chysi•5'-GCTGCAAC-3' (intercalation sites either one or two base pairs from 

the ends of the sequence) (Table A.2). This strategy was also applied to the six-ring 

hairpin polyamide and 5'-UTACTAGTAA-3 ' (Table A. I) . Unfortunately, this 

experiment failed, perhaps since the binding sites are somewhat too close to one another. 

Better results might be obtained with a polyamide with the shorter ethanol rather than Dp 

tail, to preserve use of a ten base pair oligonucleotide. 

In addition to symmetry, there is an apparent trend to the type of base pairs at the 

ends of the oligonucleotide. The majority of ten base pair oligonucleotides that 

crystallize as A-form begin with either G or A, whereas B-form structures usually have a 

C or T at the 5' end. This may relate to the stacking preferences of the bases in the steps 

between oligonucleotides in the crystal. Furthermore, usually the 5' and 3' steps are GC 

base pairs. 

Apart from DNA sequence, the crystallization conditions themselves are rather 

monotonous. Most DNA crystal grow from 2-methyl-2,4-methyl-pentanediol (MPD) and 

a divalent cation. For a given sequence, the conditions that I routinely screen are 20-30% 
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MPD in 3% increments, 10 mM buffer (tris-(hydroxymethyl)-aminomethane pH 8.0 in 

the presence of polyamides, sodium cacodylate with rhodium intercalators), and either 

70-120 mM calcium acetate or 20 rnM magnesium chloride I l-4 mM spermine at 4° C. 

The concentration of the double-stranded oligonucleotide is usually 1.35 mM for 

polyamides with ten-mers, and 1.6-2.0 mM for intercalators with eight base pair 

oligonucleotides. Polyamide-DNA complexes have not crystallized in my hands in the 

presence of magnesium, whereas metallointercalators will crystallize with DNA under 

either condition. Athough the quantity and type of divalent ion is important, the main 

variable in the screen is the ligand:DNA ratio, which can be quite excessive in some 

cases. From experience, if the ligand has a binding constant less than ~ 105
, it is 

impossible to obtain cocrystals (Table A.1 ). 

The DNA was synthesized with the 5'-protecting group on, and after removal of 

base-labile protecting groups by incubation in NH40H at 55°C for overnight (a few days 

at room temperature for halogenated sequences) purified by two rounds of reverse phase 

on a C8 column (Pharmacia) with 40% acetonitrile I 100 mM ammonium acetate pH 7.0 

as the eluant. Between chromatographic rounds, the 5'-trityl group was removed by 

incubating in glacial acetic acid for half an hour. Prior to crystallization, oligonucleotides 

were desalted using a Sep-Pac C 18 cartridge (Waters), and the resulting white, fluffy 

material is the NH/ salt. To prevent ammonia from interfering with crystallization of the 

rhodium intercalator, sequences intended for this use were washed with several volumes 

of 100 mM NaCl followed by water once bound to the C18 column. The salts of the 

ligands varied: polyamides were consistently the tri-fluoro-acetate (TFA) salt, whereas 

intercalators were either the TF A or the er salt, without effect on crystallization. 

Another detail of the crystallization of metallointercalator-DNA complexes is that 

the crystals often take quite long to form. The setups are performed in the dark, then the 

trays kept in a closed cooler in the cold room for several months before 1-2 single, high 

quality crystals grow from crystalline clusters or oil. These crystals are highly colored by 
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the presence of the intercalator. Polyamide-DNA crystals, on the other hand, usually 

grow in 3-14 days and are colorless or pale yellow (Figure A. l ). 

Once crystals have been grown, use of brominated or halogenated DNA often 

changes the habit or diffraction qualities of the crystal. Although this is infuriating when 

searching for heavy atom derivatives, it can be an asset when collecting high resolution 

data. In retrospect, rather than multiple isomorphous replacement, the structure of 

ImimPyPy•5'-CCAGGCCTGG-3' in space group P2(1)2(1)2(1) (Chapter 2) could have 

been solved based upon the differences between a brominated sequence and an iodinated 

one, as was used to solve the structure of Rh[Me2trien]phi•5'-GdIUTGCAAC-3' 

(Chapter 5). Instead, oligonucleotides with bromination at every position were screened 

for crystallization to solve the ImimPyPy co-structure. Only those containing BrC or 

BrU crystallized, and the BrC derivatives were in several space groups, all different from 

that of the native crystals. The preference of BrG and Br A to have the syn rather than 

anti- conformation may relate to their inability to crystallize (Saenger, 1984). However, 

once grown, the brominated crystals did diffract to higher resolution than their parent, an 

observation that also held true for Rh[Me2trien]phi•5'-GdIUTGCAAC-3'. In the latter 

case, it was difficult to collect data on the native crystals at all due to their high mosaicity 

and multiple, overlapping lattices, and in fact the structure could not be solved using the 

native data. Thus bromination of the DNA is a strategy for improving crystal quality. 
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Table A.1 Other Polyamide-DNA Crystallization Trials. 1 

Sequence Results 

ImPypimPyPimPypDp Standard Screen 

5'-CAGCAGCTGCTG-3' Results: No crystals. Gel. 

AclmPyPyPypDp Standard Screen 

5'-CCAGTACTGG-3 Results: No crystals. Precipitate. 

DppPyPylmlm Standard Screen. 

5'-CCACCGGTGG-3 Results: No crystals. Oil. 

DppPyPylmlm Standard Screen. 

5'-CCAC-BrC-GGTGG-3 Results: No crystals. Oil. 

CaOAc I MPD conditions. 

DppimimPyPy Ac Results: No crystals. Precipitate. 
5'-CCAGGCCTGG-3 Also tried soaking ImlmPyPy-GGCC crystals in excess 

reverse polyamide for one week, with three changes of 
buffer. Still bound as a mixture of two orientations (or 

two polyamides). 

ImPylmPypDp CaOAc I MP D conditions. 

5'-CCAGCGCTGG-3 Results: Crystals did not contain polyamide. 

ImPylmPypDp CaOAc I MPD conditions. 

5'-CATG-BrC-GCATG-3 Results: Precipitate. No crystals. 

ImPimPypDp CaOAc I MPD conditions. 

5'-CATGCGCATG-3 Results: Crystals did not contain polyamide. 

ImHpPyPypDp CaOAc I MPD conditions. 

5'-CCAGATCTGG-3 Results: Precipitate. No crystals. 
(polyamide-DNA mismatch) 

ImHpPyPypDp CaOAc I MPD conditions. 

5'-CATGATCATG-3 Results: Precipitate. No crystals. 
(polyamide-DNA mismatch) 

ImHpPyPypDp CaOAc I MPD conditions. 

5'-CCTG-BrT-ACTGG-3 Results: Crystals did not contain polyamide. 

ImPy Py PypRPR-NH2 Standard Screen, also with hexanediol and Na Cac. 
5'-CGT AGATCTACG-3 Results: Crystals (from hexanediol) did not contain 

polyamide. Solved by MIR (whoops!). 

ImPyPyPypDp CaOAc I hexanediol. 
5'- CGTAGATCTACG-3 Results: Crystals did not contain polyamide. 

(test) 

ImPy Py PypRPR-NH2 CaOAc I MP D conditions. 

5'-CCAGTACTGG-3 Results: Crystals did not contain polyamide. 
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ImPy Py PypRPR-NH2 CaOAc I MPD conditions. 
5'- CATGATCATG-3 Results: No crystals. Precipitate. 

ImPyPy-)'-Py Py PypDp Standard Screen , with more extensive screens of 

5'-CGGTGTGTTAGG-3' divalents and polyamines. 
3'- CCACACAATCCG-5' Results: Oil. No crystals. 

( 1 Omer, 1 base overhang) 

ImPyPy-)'-PyPyPypDp Standard Screen, with more extensive screens of 

5'-CGGTGTGTTAGGC-3' divalents and polyamines. 
Results: Oil. No crystals. 

ImPy Py-)'-PyPyPypDp Standard Screen as in text, with more extensive screens 

5'-CGCGTGTTAGCG-3' of divalents and polyamines. 
Results: 'Crystals' from 20% MPD, 2 mM spermine, 

MgOAc. Fiber diffraction. 
ImPy Py Py-( R)H2N)'- Standard Screen as in text. 

PyPyPyPypDp Results: Precipitate. No crystals. 

5'-CAAAGAAAAG-3 

ImPyPy Py-)'-Py Py PyPypDp Standard Screen as in text. 
5'-CAAAGAAAAG-3 Results: Mechanically twinned crystals, did not diffract, 

0.6 mM ds DNA, 0.66 mM polyamide; 70 mM CaOAc, 

15 mM Mes pH 6.5, 27% MPD. 

ImPy Py Py-)'-Py PyPyPypDp Standard Screen. 
5'-CGAAGAAACG-3 Results: No crystals. Precipitate. 

ImPyPyPy-)'- Standard Screen. 

PyPyPyPypRPR-NH2 Results: Precipitate, single small crystals after several 
5'-CGAAGAAACG-3 months. Did not diffract. 

ImPy Py Py-)'-ImPyPyPypDp CaOAc I MPD conditions. 

5'-CCAGTACAGG-3 Results: One crystal from precipitate. 
Did not diffract or was too small. 

Standard Screen as in text, except MgOAc in addition to 

ImPyPyPy-)'- MgCh, and spermidine in addition to spermine. 
PyPyPyPypRPR-NH2 Also screened: NaCac pH 6.0, Mes pH 6.5, hexanediol, 

5'-CAAAGAAAAG-3' Peg IK, Peg 2K, Peg mme2K, BOG, 200 mM NH40Ac 

(DNA sequence was relatively insoluble), 
0.35-0.9 mM dsDNA. 

Results: Tiny crystals, 200 mM NH40Ac I 0.08% BOG 

premixed with complex to promote solubility; 0.34 mM 

ds DNA, 0.3 7 mM polyamide; reservoir 80 mM Mg0Ac2 
I 30% Peg 2K I 50 mM NaCac pH 6.5 
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Standard screen. 

ImPyPy-y-PyPyPy~Dp Results: Tiny crystals, 20 mM CaOAc I 12% MPD 

5'-UTACTAGTAA-3' premixed with complex to promote solubility; 0.7 mM 

(2: 1) dsDNA, 1.6 mM polyamide; reservoir 70 mM CaOAc I 
20-23% MPD, not layered with reservoir. 

ImPyPyPy-(R)H2N'Y_ CaOAc I MPD conditions. 

ImPyPyPy Results: Small crystals from precipitate, ~25 x 25 
5'-CCAGTACTGG-3' micron, after 2 weeks. Very mosaic, weak diffraction to 

2.9 A. Probably space group P2(1), a=34.4 b=42.3 

c=37.2 ~=93.7, 2 duplex I asu. At >25% MPD, obtained 
DNA only crystals as well. 

'Crystallization trials not described in other chapters. Standard Screen is described in 
text. Abbreviations: OAc, acetate; ds, double stranded; BOG ~-octyl-glucoside; Cac, 
cacodylate; Peg, polyethylene glycol; Mes, morpholino-ethane-sulfonic acid; (R)H2Ny, 
(R)-2,4-diamino-bu tyric-acid. 
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Table A.2 Other Rhodium Intercalator-DNA Crystallizations. 1 

Sequence Results 
Rh[en2]phi Standard Screen 

5'-CTGCAG-3' Results: Red crystals, P4(2)2(1 )2, a= 52.3 c=57 .1. Data 

collected at SSRL to 2.8 A resolution. Two duplex per 
asymmetric unit. 

Rh[en2]phi Standard Screen 

5'-BrC-TGCAC-3' Results: Red crystals, P3(1)12 or P3(2)12, a=54.5 c=80.9. 
Four duplex per asymmetric unit. Data collected on rotating 

anode to 4.0 A resolution. 

Rh[en2]phi Standard Screen 

5'-GAAGCTTC-3' Results: Precipitate. 

Rh[en2]phi Standard Screen 

5'-CTTGCAAG-3' Results: Pink crystals, don't diffract. 

Rh[Me2trien]phi Standard Screen 
5'-CCTGCAGG-3' Results: Precipitate. 

Rh[Me2trien ]phi Standard Screen 

5'-GGTGCACC-3' Results: Precipitate. 

Rh[Me2trien ]phi Standard Screen 
5'-CATGCATG-3' Results: Red crystalline spherulites. 

Rh[Me2 trien ]phi Standard Screen 

5'-CT-dU-GCA TG-3' Results: Pink crystals, do not diffract. 

Rh[Me2trien ]phi Standard Screen 

5'-CTGCAG-3' Results: Shower thin red plates. 

Rh(phen)2phi Purified DNA given to K. Erkkila 

5'-GTCTAGAC-3' 

Rh(phen)2phi Purified DNA given to K. Erkkila 

5'-CCUAGG-3' 

Rh[bpy2]phi Standard Screen 
5'-CGGCAATTCCCG-3' Results: Red Oil 

(CC-mismatch) 

Rh[bpy2]phi Standard Screen 

5'-CGATCGACCG-3' Results: Red Oil 

(AC-mismatch) 

Rh[bpy2]phi Standard Screen 

5'-GCTGCAAC-3' Results: Red Oil after 2 weeks, single red crystals after 6 
(AC-mismatch) weeks, I-centered orthorhombic, a=54.5 b= 41.1 c=60.3. One 

strand per asymmetric unit, data collected to 2.7 A on 
rotating anode. 
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Figure A.1 Examples crystals of small ligands with DNA. 

(a) ImlmPyPy~Dp•5'-CCAGGCCTGG-3' 

(b) Rh[Me2trien]phi•5'-GTTGCAAC-3'. 


