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ABSTRACT. Reported here is the solution structure of the aminoacyl-DNA duplex (W-TGCGLAGIs

duplex forms a continuously-stacked helix consisting of both nucleobases and amino acid side chains.
According to NMR and UV analyses, the duplex melts in a cooperative transition and witti.8%

greater hyperchromicity than the control duplex (TGCGCA®) van't Hoff analysis of UV melting

points at different concentrations shows that the two tryptophan residues contribute 4.8 kcal/mol to the
AH° of complex formation at 10 mM salt concentration and less than 1 kcal/mol at 150 mM salt. The
entropic cost for duplex association in the presence of the amino acid residues is 13 cal/molK greater
than that for the control at 10 mM salt concentration, and 3 cal/molK lower than that of the control at
0.15 ionic strength. The conformation of W-TGCGCAC in duplex form, determined via restrained torsion
angle molecular dynamics, shows an undisturbed B-form DNA duplex with dangliteyr8ini. The
tryptophanyl residue at thé-ferminus packs tightly against T2 and the proximal part of adenine, without
engaging in hydrogen bonding. While not providing strong enthalpic net stabilization of the duplex, the
tryptophan “cap” on the duplex does seem to reduce the fraying at the termini, indicating a subtle balance
of entropic and enthalpic factors contributing to the molecular dynamics. The structure also shows that,
at least in the present sequence context, stacking on the terminal base pair is more favorable than
intercalation, probably because the enthalpic cost associated with breaking up the stacking between DNA
base pairs cannot be paid for by favorabtetacking interactions with the indole ring of tryptophan.
These results are of importance for understanding stacking interactions in pirDféf complexes,
particularly those in enzymesubstrate complexes involving exposed nucleobases.

Noncovalent interactions between amino acid residues andtypical. Examples for interactions of tryptophan side chains
nucleic acids form the basis of proteiDNA interactions with DNA also include stacking on exposed nucleobases and
and are thus central to the expression, replication, and repaithydrogen bonding with nucleobases or phosphodiestérs (
of genetic information. Two classes of amino acid residues 14), making it difficult to predict the DNA interactions of a
are frequently found on the contact surfaces of pret&BiNA tryptophan residue unconstrained by a given protein fold.
complexes: cationic and aromatic residues. For cationic For other indole derivatives, such as diaminidino-2-phe-
residues, whose interactions with DNA are dominated by nylindole (DAPI) (15), the situation is similarly complex,
ion pair formation and hydrogen bonding, model peptides since both intercalation and minor groove binding have been
with measurable affinity for double-stranded DNA are reported {6, 17).
available (). For aromatic amino acid residues, such as  For short model peptides containing cationic and aromatic
tryptophan, the design of such model peptides is more amino acids, it has been proposed that side chains of aromatic
difficult. Their possible interactions with DNA are more amino acids do intercalate or partially intercalate into
complex and usually require the context of a folded structure, dsDNA! (18—27), and evidence for intercalation has been
due to their hydrophobicity. On the basis of high-resolution presented for a tryptophan derivative bound to a short DNA
structures of DNA-protein complexes, it appears that nature duplex @8). Further, extensive spectroscopic studies have
does not favor complete intercalation of tryptophan into relied on fluorescence quenching observed when tryptophan-
double-stranded DNA2-6). For partial intercalation, wedges  containing peptides interact with DNAR29—32).
built from combinations of aromatic and nonaromatic amino  We have studied the effect of aminoacylation of oligode-
acids {f, 8) or nonaromatic amino acids alon@) @re more oxyribonucleotides on their binding to RNA targe&3). In
this context, we measured a change in target affinity resulting
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Ficure 1: Schematic drawing of the compounds employed in this work. The highlighted box shows the site of aminoacylation with the
naming scheme and angle nomenclature used.

rings of the amino acid side chain and the nucleobases, but
does not restrict it in a tight fold. Here we report the solution
structure of the duplex of the self-complementary 5
tryptophanyl oligonucleotide W-TGCGCAC, together with
the thermodynamic parameters derived from UV melting
studies on this duplexdf and its control DNA duplex3)
(Figure 1).

The self-complementary hexamerlirbears two terminal
residues: the tryptophanyl residue appended to trené
via a peptide bond and a cytidine residue at theBninus.
For these, a number of different interaction modes, such as
intercalation, hemi-intercalation, displacement intercalation,
or edge-on- or face-on-stacking on the terminal base pair,
were considered. Molecular dynamics showed that at least
three of the principal forms of interaction were conforma-
tionally accessible for W1 (Figure 2). The structure solved
via restrained molecular dynamics shows the tryptophan (but
not the cytidine residue) stacked on the terminal base pair.

The well-defined stacking array does not involve any
hydrogen bonds to the tryptophan residue.

MATERIALS AND METHODS

Synthesis of W-TGCGCAC and Control Heptamer TGCG-
CAC. Oligonucleotides were synthesized on/fiol scale
(W-TGCGCAC,1) or 3umol scale (TGCGCAC?) on an
ABI 381A DNA synthesizer. Phosphoramidites for the
naturally occurring nucleotides &4 dC®, and dT (ABI/
Perkin-Elmer), d8VF (Glen Research), and Fmoc-Trp-OH

(Advanced ChemTech) were used as received. The tryp-

tophan-bearing oligonucleotidewas produced by coupling
Fmoc-Trp-OH to protected, "mino-terminal DNA on
controlled pore glass with HBTU/HOBT/DIEA activation
in DMF, followed by basic deprotection with ammonium
hydroxide, according to a procedure previously described
(35). Oligonucleotides were purified by RP-HPLC on either
C-18 or C-4 phases with 0.1 M triethylammonium acetate
solution, pH 7.0, and a gradient of @EN. On a C-18 phase,
aminoacylated oligonucleotide W-TGCGCAQ gluted after
30.5 min with a gradient of 0% CJ&N for 5 min and 0 to
20% CHCN in 30 min. On a C-4 phase with a gradient of
0% CH:CN for 5 min and 0% to 22% C}CN in 20 min,1
eluted after 25 min. Control compourieluted after 22.6
min, when chromatographed on a C-18 phase with 0% CH

Ficure 2: Comparison of three selected conformationally accessible
interaction modes of W1 with the-ferminal DNA portion of (W-
TGCGCACY). Force field minimized conformations obtained with
nonexperimental constraints. (a) Partial intercalation of the indole
ring, (b) stacking of the linker with solvent-exposed indole ring,
(c) stacking of the indole ring on the terminal base pair. Residue
W1 is white, residues T2 and C3 are purple.

CN for 3 min and a gradient from 0 to 18% @EN in 27
min. MALDI-TOF MS, negative mode, external calibration;
W-TGCGCAC () calcd for GgHg7N2g040Ps, 2266.6 (average
mass); found, 2266 2 (M — H]"); (2) TGCGCAC calcd
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Table 1: UV-Melting Points and Hyperchromicities spectrometers). A series of NOESS§] spectra at 40, 80,
160, 320, and 500 ms mixing time was acquired with
WATERGATE water suppression at 2€ and 10 000 Hz

duplex salt concentration (mM) T, (°C)2  hyperchromicity (%)

% 18 %ggi 82 ?-g sweep width, as well as a TOCS89) (80 ms spin lock

1 150 3631 06 98 time), and DQF-COSY 40) spectra at 5800 Hz spectral
2 150 34.24+ 0.9 8.0 width at the_ same temp_erature, togethe_r _With_a NOESY
a Average of four melting points at 12M strand concentratios: spectrum with presaturation at 300 ms mixing time,"20

1SD. and 9090 Hz sweep width. Spectra in(NOESY at 320
ms mixing time, DQF-COSY, and TOCSY at 120 ms spin
) e lock time) were acquired at 18C with 6000 Hz spectral
for C67H86N26O4°P6’ 2081.4; found, 208% 2 (™ H]_ )- width. Spectra were collected with 4096 data points,jn
UV Melting Cures and Thermodynamic Datdlelting 256, or 512 increments i, and 24, 32, or 64 scans/
and cooling curves were measured at 260 nm in 1 or 0.2 CMjncrement. Recycle delays were 2 s. Chemical shifts were
optical path-length cuvettes on a Perkin-Eimer Lambda 10 cgjiprated to TPS at 0.0 ppm.
spectrophotometer equipped with afBeltier-thermostated Generation of Restraints for Molecular Dynamipectra
programmable autolinear transport multicell holder driven yere processed using GIFAT). Two-dimensional spectra
by a PTP-6 temperature controller, and a temperature senso{yere zero-filled to 2048 data points in followed by first-
in cuvette 1. Oligonucleotide solutions in DEPC-treated water jgint correction and apodization with Gaussian line broaden-
(Ambion), ranging from 1.3 to 90M in strand concentration,  jng and exponential line narrowing. Peak assignment started
containing 0.1 mM EDTA and the desired concentration of om the methyl group of T2, whose TOCSY cross-peak to
ammonium acetate salt (Ambion) were used. Melting curves g of T2 produced the starting point for sequential assign-
were acquired at heating or cooling rates GCImin between ment of H1/H6/8 resonances in the NOESY spectra, as
5 and 65°C. Background absorbance changes were deter-gescribed in the Results (vide infra). Coupling constants for
mined from the concurrent acquisition of a control sample y_y/ protons (H1—H2' and H1—H2") were read from a one-
containing buffer alone. Melting points were determined with  4imensional spectrum at 300 MHz and were checked with
UV TempLab 1.2. Curves were smoothed with a 95 point {hose derived from DQF-COSY cross-peak)(for the
moving average and melting points taken as the extrema Ofpartially overlapping resonances of A7 and C8.

the 91 point first derivative_. At least _three melting _points For generating distance constraints, NOESY cross-peaks
were measured at every oligonucleotide concentration, andyere jntegrated using the Gaussian line-shape approximation.
the average was used for van't Hoff plots. The standard p| jine fits of integrals were visually controlled for accuracy.

gewanon for th.e melting points was between 0.3 and 1.8 1p¢ intensity of partly overlapping peaks was estimated by
C (Table 1 gives representative data at A2 strand  jgya| inspection. Build-up curves were generated for 12
concentration). Thermodynamic parameters were determlneqepresemative cross-peaks from NOESY spectra acquired at
fro_m In ¢; versus 1T, plots (see Supporting Infor.mation) mixing times of 40, 80, 160, 320, and 500 ms iEMD,O
using 1Mm = (RIAH®)In ¢ + AS/AH®, whereTn is the 5t 19°C. A monotonic rise in cross-peak intensity was
melting point,c; is the total strand concentration, aRds observed up to 320 ms mixing time for all but the exchange-
the molar gas constant (8.3145 J mioK™) (36). able protons and cross-peaks between geminal coupling
Sample Preparation for NMR SpectroscopyPLC-puri- partners. The latter were not used for restrained molecular
fied and lyophilized W-TGCGCAC was taken up in 5% dynamics, as the relative position of these protons is already
ammonium hydroxide and relyophilized five times to remove ell-defined by the force field. Constraints for cross-peak
residual triethylamine. Samples were prepared by dissolvingto H1’, H2, H2”, and most resonances of W1 were read
the residue either in 99.999%:0 or in H,O/D,O (9:1) from the 320 ms NOESY spectrum from the,®iD,O
containing 150 mM NaCl and 10 mM phosphate buffer (KH  solution. Calibration of distance constraints via the two-spin
POJ/K,HPQ;) at pH 7.0 (uncorrected for deuterium effect). approximation was initially based on H5/H6 cross-peaks of
Residual heavy metal contaminations were precipitated by cytidine residues (2.45 A). After it was established that a
treatment with HS and centrifugation. Sample volumes of B-type duplex was present [based on the correlation of 21
250 & 10 uL in microtubes (Shigemi Co., Tokyo, Japan) representative relative cross-peak intensities with those
were used for NMR spectroscopy. Changes betwegd D predicted for B-form DNA 43), the coupling constants found
and HO were brought about by evaporation and redissolving for the HI resonances, and the cross-peak intensity of the
in the solvent of choice. The final concentration of the H1' to H6/8 cross-peaks] the calibration relationship was
oligonucleotides in the NMR solution was 4 mM. refined by a least-squares fit to the average dfEl20 H8-G
NMR SpectroscopiNMR spectra were recorded on Bruker and HI-C to H6/8-C/G cross-peak intensities at their ideal
AM 300 and AVANCE 300 spectrometers (1D experiments B-DNA distances. Cross-peaks from the terminal base pairs
at different temperatures and exploratory NOESY experi- were not used for this refining of the calibration. Distances
ments), Bruker AMX 500 and DPX 600 spectrometers, and read from the calibration function were treated with error
500 and 750 MHz spectrometers custom designed at thebars of+0.4 A forrj < 3.5 A and+0.5 A forr;j > 3.5 A.
Francis Bitter Magnet Laboratory, Massachusetts Institute Cross-peaks whose overlap with neighboring peaks required
of Technology, Cambridge, MA. Experiments in@were estimation were provided with error bars51.0 A, without
performed with suppression of the residual solvent peak by allowing distances below van der Waals contact. Constraints
presaturation for 1.5 s during the recycle delay. Experimentsinvolving HE1 of W1 were treated the same as nonexchange-
in H,O/D,O used presaturation (1.3 s, AMX 500) or a able protons, and those involving the amide proton of the
WATERGATE gradient pulse sequenc&7) (custom-built peptide linkage were treated with errors51.0 A.
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Table 2: Thermodynamic Parameters for Duplex Dissociation of Table 3: Chemical Shifts (ppm) of Aromatic Protonslimand

(W-TGCGCACY), and Control Duplex (TGCGCAG) as Derived Control Compounds
from van't Hoff Analysis of In ¢ versus 1T, Plots protort HTrp-OFP  1at10°C°  1at90°C°  2at 10°CF
AH° AS AG® Wi
duplex salt concn (kcal/mol) (cal/molK) (kcal/mol) H—D1 7.26 6.91 719
(TGCGCAC) 10 38.6 110 5.8 H—E3 7.67 7.10 7.54
150 42.8 116 8.1 H-z2 7.48 6.88 7.42
(W-TGCGCAC) 10 43.4 123 6.6 H—H2 7.14 6.61 7.06
150 42.0 113 8.3 H-z3 7.23 6.61 7.15
T2
H-6 7.19 7.14 7.45
Distance constraints for MH&nd H3/5" protons, as well G3H 8 8.04 7 89 8.09
as those for HA of W1 could not be obtained in theCA " : : :
D,0O spectra due to signal loss caused by the WATERGATE  H-5 5.44 5.86 5.46
H-6 7.43 7.64 7.42

water suppression. These were obtained from NOESY spectra G5

in D,O and otherwise identical solvent conditions as those ~y.g 7.89 7.68 7.05
for water spectra, using calibration functions obtained in an C6
analogous fashion. Additional cross-peaks for HH2 and HZ3 12 > o8 >
were also obtained from the,D spectra and were assigned A7 ' ' '
to one of the two after refined structures were obtained in ~ H-2 7.84 8.14 7.84
an iterative process guided by structure quality. Table 4 gives C8H'8 8.22 8.32 8.25
an overview over the constraint data used. H-5 5.94 5.95 5.85
H-6 7.80 7.79 7.72

Structure GenerationCalculations leading to the final set
of low-energy structures were performed with CNS, version _*Residue numbering is that af  L-Tryptophan in RO. ©In D0,
0.4, courtesy of Drs. Bmger and Grosse-Kunstleve, Yale 190 MM NaCl and 10 mM phosphate buffer.

University. Details of the computational approach are given
in Table 5. Diasterotopic protons that could not be stereo- Table 4: Constraints Used for Calculating the Three-Dimensional
selectively assigned, as well as the methyl group at position Structure ofl

5 of thymine, were treated with the geometric center NOE restraints

pseudoatom approach, which results in a greater tolerance };’ttg'”esi due 7§5
of distance constraints derived from NOESY cross-peaks. intraresidue 39
One cross-peak to the methyl group of T2 did not agree with interresidue for W1 9
any of the otherwise constraint-violation free structures and dih'ggﬁarle;'%‘fgrfggt\r’gilnts o
was excluded from the calculations. Initial structures were hydrogen bond restraints 8
calculated with NOE-based constraints and hydrogen-bond- base pair planarity restraints 6

ing constraints for the core duplex only. While the correct 2 Due to the symmetrical nature of the duplex, all constraints except
fold of the duplex was produced under these conditions, the base pair planarity constraints were applied to both strands individually,
rmsd of coordinates was unsatisfactory. After a B-type so that the number of actual constraints is twice that given.

28n:g;mba;&%g;tehgir?e'\(;f‘a?:ﬁlel)e(shg]fjéﬁznreessitdaﬂ;rxgréwde Information. The values obtained f@ are close to those
pra), 9 predicted using nearest neighbor data for the core duplex

constrained using the parameters from X-PLOR and CNS. ., _ o
This led to better defined structures and improved agreement5 TGCGCA-3 (33.9°C at 1 M NaCl and %M total strand

. concentration) 44). At low salt, aminoacylated shows a
e s TENG pin 4.5 igher e ra . A 150 i sl
bgd two;s in aporoximation tool gf X-PLOR and s ectgra this increase in melting point is reduced to 24, i.e.,+1.1

y pin app P . °C/aminoacylation. The latter value is identical to thi.1
were generated with GIFA. The agreement between theoreti-, .
. . C measured in a nonself-complementary DNA octamer
cal and experimental spectra improved further when base

, . . . binding to an RNA undecameB8). The melting points of
pair planarity constraints with a low-energy penalty (10 kcal/ 1 were high enough for NMR analysis of the complex at or
mol) were introduced. Statistics on the 10 lowest energy

structures obtained from the restrained molecular d namicsbe'OW room temperature, but low enough to allay concerns
. . y (45) over extrapolation of thermodynamic parameters ob-
are given in Table 6.

tained at close to boiling point to equilibria at room
temperature.

RESULTS The influence of the tryptophan appendage on the ther-
Synthesis and UV-Melting Experimentéie synthesisand  modynamics of the UV transition were used to obtain
purification of (W-TGCGCAC) were performed using quantitative data on the strength of the interactions between
previously published methodology3%) and proceeded the aminoacyl appendage and the DNA. van't Hoff analysis

uneventfully. UV-melting points were obtained for bath of 1/Tn, versus Inc; plots gave aAAH of +4.8 kcal/mol for
and 2 at all concentration points between 1.3 and:80 the tryptophan-bearing duplex at low salt andl/aH of —0.8
strand concentration and at both 10 and 150 mM salt, with kcal/mol at 150 mM salt (Table 2). Since the standard
the exception of the low salt melting point @fat 1.3uM deviation of the individual melting points was on average
total strand concentration. Representative melting points and+0.8 °C and the plots gave® factors of between 0.985 and
curves are shown in Table 1 and Figure 3, and; lwersus 0.998, we estimate that the latt&AH value is close to the
1/T, plots with all data points are shown in the Supporting experimental error. Entropically, involving the tryptophan
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Table 5: Parameters of the Molecular Dynamics Calculations Employed for Determining the Three-Dimensional Strdcture of

high-temperature torsion-angle  slow-cooling torsion-angle slow-cooling Cartesian 40 000 steps conjugate

molecular dynamics molecular dynamics molecular dynamics gradient minimization
temp (K) 20 000 20000to O 1000to O
time step (ps) 0.15 0.015 0.003
At (ps) 60 15 6
WnoE 150 150 150 50
Woihedral 5 5 100 300
Wadw 1.0 0.1t0 1.0 1.0 1.0

Table 6: Quality Data on the Ten Lowest Energy Structure$ of and Methods. Chemical shifts for HH2 and HZ3 of W1 and

Obtained from Torsion Angle Molecular Dynamics H2'/2" of G5 were found to be identical. Imino resonances
restraint violation of G3 and G5, amino resonances of C4 and C6, and the HE1
NOE violations 0¢0.5A) resonance of W1 were picked in NOESY spectra acquired
dihedral angle violations 0~(12°) in H,O/D,O (9:1). The amino and imino resonances were
d "!'?.O”df"'o""?gonls . 0 connected to resonances of nonexchangeable protons via
eviation from ideal geometry _ [T _
bond distances 0+0.05 A) NOESY cross-peaks of H42 to H5 of”cytldlnes an_d HE1
bond angles 0% 5°) w1l anql NH5T2to HI_Dl-Wl a_nd H5H5"-T2, _respectlvely_.
refinement statistics for 10 final An assignment table is given in the Supporting Information.
'OV‘r’;S; def':g:gé\slgf;é‘éres 0.68 A (Al H1' resonances, except those of A7 and C8, were
pairwise rmsd of coordinates 12A discernible as triplets or doublets of doublets at 300 MHz
pairwise rmsd anglés 0.69 A and room temperature, with coupling constants between 5.5
pairwise rmsd of bond lengths 0.004 A and 8.9 Hz. The H1to H2 and H2' coupling constants of
energy —126 2 kcal/mol A7 and C8 were derived from DQF-COSY cross-peaks. The

aThe disordered residue C8 is part of the structures analyzed.  coupling constants indicated that all ribose rings werein 2
endo conformation, as expected for a B-form duplg8)(
residue in complex formation costsA®\S of 13 cal/mol K Further confirmation for an undisturbed B-form DNA duplex

at low salt, according to the van't Hoff data, and has a ¢ame from the DQF-COSY cross-peak pattern betweeh H2

negligible effect 3 cal/mol K) at the higher salt concentra- 2" @nd H3 of all nucleosides.
tion. Compared to unconjugated tryptophan, all protons of W1
The UV hyperchromicity accompanying duplex dissocia- Show significantly shifted resonances (Table 3). For HA, the
tion is only 7.3% for heptametat 10 mM salt concentration  shift is toward lower field, as expected for the conversion
(Figure 3 and Table 1), a value well below the-ZB5% from a free carboxylate to the amide-bound form. For all
typically obtained for polymeric DNA. This is most probably other protons, resonances shift to higher field, as expected
due to extensive breathing of the termini and thus incomplete for close proximity to nucleobases with magnetic anisotropy
base stacking in the short duplex. Compare@, t@amino- effect. The high-field shift is more pronounced for hydrogens
acylatedl shows a 1.18-fold increased hyperchromicity. This at the six-membered ring (between 0.53 and 0.62 ppm) than
effect is also observed at 150 mM salt (1.23-fold higher for HD1 of the pyrrole ring unit (0.35 ppm).
hyperchromicity forl than2), where the shielding of the A detailed chemical shift analysis was performed for all
phosphodiester anions by counterions reduces chafuge aromatic protons after acquiring spectra of control du@ex
repulsion and facilitates a tight packing of the strands. Even at 10 °C, whose resonances were assigned analogously to
though the increases in hyperchromicity are small, they arethose ofl, and of aminoacylated dupleixat 90°C, where
outside the experimental error and demonstrate an effect ofa random-coil conformation can be assumed. The one-
the tryptophanyl cap on the stacking in the duplex. dimensional spectra are shown in the Supporting Information.
Resonance Assignments and One-Dimensional NMR Data For W1, the chemical shifts at 9€ are very similar to those
In a B-form DNA helix, the H8 and H6 protons of the of freeL-tryptophan Ad < 0.13 ppm), confirming that the
nucleobases give NOESY cross-peaks to both tHeoHheir upfield shifts in the duplex form df are the result of stacking
own nucleotide and the H-bf their 5-neighboring nucle- interactions. For T2, an upfield shift of 0.26 ppm is observed
otide @46—48). This sequential connectivity was found for for H6 compared t@® at 10°C, indicating the effect of an
nucleotides T2A7 of 1 in phosphate-buffered saline at 10 additional aromatic ring current, most probably that of W1.
°C (Figure 4b). The resonances of H2 and H8 of A7, both For A7, shifts for H2 and H8 are similar to those2nFor
of which give cross-peaks to Haf A7, could be unambigu-  H8 of G3, there is little chemical shift difference between
ously assigned by exchanging the H8 proton for a deuterium duplex forms oflL and2, but for C6, an upfield shift of 0.15
through heating a BD solution to the boiling point for L h  and 0.28 ppm, respectively, is observed for H5 and H6
(49). The cross-peak from H8-A7 to HLC8 was difficult (—0.28 ppm) upon aminoacylation. Further, a greater shift
to find because of an overlap between'tA and H1-C8. difference between duplex and single-stranded form is seen
Deletion analysis of the H6/H5 spin systems of cytidines in for C6 than for C4 4-0.51 ppm for H5 and-0.52 ppm for
the DQF-COSY was therefore used to identify the aromatic H6 versus 0.42 and 0.21 ppm of the same resonances in C4),
protons of C8. With the exception of H5"' of C4, all indicating the influence of an additional aromatic ring. The
nonexchangeable protons of the ribose spin systems and ofprotons of the internal base pair, C4 and G5, are very similar
the tryptophan residue were then assigned based on DQFfor 1 and 2 in duplex form £0.07 ppm), pointing to an
COSY and NOESY cross-peaks as detailed in the Materialsunperturbed interior of the duplex.
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Ficure 3: UV melting profiles (260 nm) of (TGCGCAG)?2) at
10 mM (©), and 150 mM salt @), together with those of A7
W-TGCGCAC (1) at 10 mM (), and 150 mM salt®).

G3
[}
For C8, there is virtually no difference between the I

chemical shifts of the aromatic protonsirat 10 and 90C

(Ao 0.01 ppm), indicating that the nucleobase does not stack
on an aromatic moiety at 1TC. This is also apparent from
the narrower line widths of H5 and H6 of C8 at 1CQ,
compared to those of H5 and H6 of C4 and C6 and the other c4
nucleobases, supporting the view that C8 tumbles indepen- H2-A7

dent of the duplex. In control dupleX however, both H5
and H6 of C7 resonate at higher field-@.09 and+0.08 (b) , c8 ,

ppm) than inl. Further, H5 of C1 gives a broad signal, unlike P ’ 73 7
the very sharp doublet if. Taken together, this indicates HGURE4: Expanded contour plots of NOESY spectré¢#) and

L . . 1 (b) at 320 ms mixing time in BD buffer at 10°C. NOEs
that C7 does have some stacking interactions with the DNA ggtapishing the connectivity are indicated by lines. Cross-peaks

in 2 and that these are lost upon aminoacylation. An are between Hilprotons (5.5-6.3 ppm) and H6 (pyrimidines) or
exploratory NOESY experiment withat 0°C gave broader ~ H8 (purines) protons (7.053.3 ppm), except for the cross-peaks

lines for H5 of C8 and a substantial number of additional labeled individually: H1-A7 to H2-A7 and H6-C8 to H5-C8.
cross-peaks to W1 and A7, indicating that at very low

temperature, the dangling residue is at least partially frozen Structures Calculatedia Restrained Molecular Dynamics
out and folds onto the W1-DNA complex. Analysis of NOESY spectra acquired at 10 in DO and

NMR-Monitored Melting AnalysisA series of one- HZO/DZO. gave a total of 148 distance constraints for the
dimensional proton NMR spectra was acquired to follow the Symmetrical duplex, or 74 for each strand. Among these was
transition from duplex to single strands. The resulting 2t least one constraint for each of the protons of W1, with
“melting curves” are plotted for selected resonances in Figure the exception of HZ2 and the fast-exchanging ammonium
5. It can be discerned that the shift changes for W1 are similar9roup at the amino-terminus. Not a single of the NOESY
to those of the nucleobase protons, i.e., that a cooperativeCroSs-peaks obtained for W1 was to a proton of G3. Together
transition from a folded structure involving the tryptophan With the cross-peak from H+T2 to H8 of G3, this firmly
to a random coil state occurs. Further, the chemical shift rules out intercalation between penultimate and terminal base
changes associated with duplex dissociation are similar for Parrs.
the six-membered ring resonances of W1 and those of the Three-dimensional structures df were calculated by
nucleobases in the interior of the duplex and larger than thoserestrained molecular dynamics, using the NOE-derived
of H8 of A7, located at the'&erminus. constraints, together with dihedral angle constraints, hydrogen

Effects of Aminoacylation on NMR Spectra of the Core bonding, and weak base pair planarity constraints (Table 4).
Duplex.The aminoacylation has some subtle effects on the Simulated annealing in Cartesian spa62) (gave the same
structure of the DNA duplex. At the penultimate base pair, general fold, but a lower yield of low-energy structures than
the signal for H8 of G3 sharpens upon aminoacylation (see simulated annealing with the torsion angle molecular dynam-
1D spectra, Supporting Information). Further, in the region ics protocol of CNS, version 0.468). With the latter, the
of the NOESY spectrum used to assign ad H6/8 protons  structures converged to an rmsd from the average of 0.68 A
in 1 and 2 (Figure 4), an interesting difference betwekn  and a pairwise rmsd of coordinates of 1.2 A for the 10 lowest
and?2 can be discerned. Fdr a complete set of cross-peaks energy structures, and satisfactory agreement between ex-
is observed. In the NOESY spectrum of control DNA perimental and back-calculated NOESY spectra (Figures 6
however, the cross-peak between'HI1 and H8-G2 is and 7). Details of the calculational protocol and the quality
missing. The lack of this cross-peak between terminal of the structures are given in Tables 5 and 6. All low-energy
nucleotides has been observed in other DNA sequences angtructures are without violation of constraints, including nine
has been ascribed to “fraying” at the terminus of the duplex intra- and nine interresidue distance constraints for W1.
(52). The presence of the cross-peak.itherefore suggests The three-dimensional structure emerging from the re-
that the aminoacyl portion reduces the fraying and increasesstrained molecular dynamics shows one continuously stacked
the tightness of the DNA duplex. helix involving W1 as a cap on the termini. The tryptophan

G5 ﬂHS-CS 6

T
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654 ® energy structure obtained from restrained dynamics was used. The
calculation was performed in X-PLORZ), using the rigid body
two spin approximation. Plots were generated with GIBA)(
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Ficure 5: Duplex dissociation monitored by chemical shifts of
selected protons from nucleobases and the indole ring of W1 in
aminoacyl-DNAL.

residue is exclusively stacked on the-AZ base pair, and
does not intercalate or bind in one of the grooves (Figures 8
and 9). Both thgg-methylene group and the indole ring are
in van der Waals contact with the nucleobases of the terminal
base pair. The former touches down with one of the
diastereotopic hydrogens on the thymine ring of T2, whereas
the latter bridges the base pair with its six-membered ring.
The conformation of the amide linker is such that the amide
hydrogen of the T2-W1 linker does not engage in hydrogen
bonding but packs against H6 of T2, resulting in a tightly
packed arrangement of the linker without holes to be filled
with solvent. Hydrogens HE1/HZ2 of W1 protrude toward
the major groove, whereas HE3 and HZ3 face toward the
minor groove, without reaching it or causing any NOESY
cross-peaks to minor groove resonances of the penultimate
base pair. The five-membered ring of A7 is not covered by
the indole ring of W1, explaining why H8 of A7 is not shifted FiIGURe 7: Overlay of the 10 lowest energy structured albtained
upfield relative to control dupleg. from restrgmgd rt1c_)tr5|ﬁndangle.rglolecu_ltar dyqan:jlcs. Colqr Cﬁde:

Except fora gndﬂ of T2, the site of aminoacylation, and gL%es%hC;Lg n,’:i\gu'rgs’ 7¥9r8\l%?2‘ geli%rg'téggv%ﬂhr%mg;{gen’ yeflow,
the backbone linkage to C8, the DNA adopts an unperturbed

canonical B-form duplex, with dihedral angles in the g,ggesting that the stacking interactions in the peptiA
expected ranges54). As expected from the qualitative  omplexes are either not as extensive as previously thought
analysis of the NMR data (vide supra), C8, restricted by only o that the magnetic anisotropies generated by the neighbor-

two long-range distance constraints t0'f22 of A7, does  ing nycleobases result in a smaller shift effect than stacking
not adopt an ordered state, but is disordered and preferentiallyfrom one side only. It is noteworthy that the chemical shifts
localized in the vicinity of the backbone of A7. of the tryptophan residues in (KW-TGCGCAAAI35) are

similar to those inl, indicating that the capping mode of
DISCUSSION interaction does persist in the presence ofav&rhang with
Chemical Shifts and Line Widths of Signdtgercalation a higher propensity to stack than a single cytidine, and does
of tryptophan, tyrosine, and phenylalanine residues of shorttolerate the presence of an additional amino acid residue at
peptides, whose nonaromatic residues anchor the aromatiche amino terminus of the tryptophan.
residue on the DNA, has previously been propod&y 20, “Capping” versus IntercalationSeveral possible interac-
25). Titrations of these intercalating peptides with polymeric tion modes were expected to be conformationally accessible
DNA followed by *H NMR have invariably shown smaller  to the terminal residues ih Among these, an intercalation
upfield shifts of the aromatic tryptophan protons upon of the tryptophan between terminal and penultimate base pair
binding than those measured between low and high temper-(Figure 2a), together with co-intercalation or stacking of the
ature forms of the aromatic protons of W1 In(18—21), dangling 3-cytidine residue on the terminal base pair, would
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Ficure 8: Stereoview of the lowest energy structurelofiewed from the minor groove.

tryptophan indole ring access to a more hydrophobic site to
be reached via intercalation. Since stacking between the
terminal and penultimate base pair in owATterminated
duplex is already weak, as indicated by the absence of a
H1'-T1 to H8-G2 NOESY cross-peak @) intercalation of

the indole ring of W1 should meet with a comparatively low
free-energy cost. The absence of intercalation may therefore
be interpreted as an indication that tryptophan is not a good
intercalator.

We believe this to be true for several reasons. First, to
compensate for the loss of basase stacking, good structural
complementarity between the interacting surfaces of inter-
calator and adjacent base pairs is required. Unlike typical
intercalators, such as ethidium, proflavine, and anthracycline,
which are at least tricyclic, the bicyclic indole ring is too
small to cover two base pair surfaces completely. Intercala-
tion by bicyclic aromatic rings is knowrbb, 56, but these
intercalators typically have substituents on the rings that
contribute to the stacking interactions and often achieve their
high affinity only via bisintercalation combined with groove
binding of other portions of the molecule. The indole ring
of tryptophan does not have such substituents, nor does its
mr-system contribute strong dipetelipole components to the
stacking interactions with nucleobases. Finally, the hydro-
phobicity of tryptophan residues-P.9 on the scale of Kyte
and Doolittle that ranges from 4.5 (lle) te4.5 (Arg)] is
not great enough to provide a strong driving force for burying
the indole ring in the interior of a DNA duplex.

These considerations are supported by observations of
(b) others. The intercalation of the indole ring in H-Lys-Gly-

] ] _ Trp-Gly-Lys-OH in double-stranded DNA has been reported
FicURe 9: Expanded view of terminal region of the lowest energy 4 destabilizeéhe duplex 24) and peptide binding to be more
structure ofl in van der Waals representation. (a) View from the tiaht with a hairpin-f . th ith ool le-
major groove, (b) view along the helix axis. Residue W1, red; T2 UgNt with a hairpin-forming sequence than with polynucie
and A7, blue; remaining residues, gray. otides 23) The trlpeptlde H-LyS—Trp-LyS-OH is known to

bind more tightly to single-stranded DNA, denatured DNA,

have buried the hydrophobic surfaces of the terminal residueand DNA containing apurinic sites than to intact double-
to the greatest extent. Free dangling aminoacyl- and C8-stranded DNA %7, 58, making intercalation of the indole
residues, on the other hand, would have been the least foldeding as the preferred form of interaction unlikely. Tetrapep-
and most solvent-exposed structural arrangement. Neither oftides such as H-Arg-Trp-Arg-Arg-Niand H-Lys-Trp-Lys-
these two extreme conformational states appear to belys-NH, also do not bind double-stranded DNA with much
populated inl, but stacking of the aminoacyl residue on the higher affinity than single-stranded DNA and RN29]. The
terminal base pair and a dangling&tidine are apparently  nucleic-acid binding cleft of single-stranded DNA-binding
preferred. This suggests that the attractive forces betweenproteins is richer in aromatic amino acide0) than that of
the T2A7 base pair and the tryptophan residue are strongertypical double-stranded DNA-binding protein§9( 60,
than those with the cytidine residue. The free-energy gain further supporting this point. In fact, aliphatic residues are
expected from intercalation, however, is not sufficient to as common in DNA intercalation wedges as aromatic
disrupt the base stacking in the DNA helix and give the residues T). Together, these results suggest that it may be
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misleading to think of tryptophan as a good intercalator, as target strands. It may also have had an effect on the
also suggested by the revised solution structure of the ETS-1conformational properties of the single strand, maybe to the
complex @—5). extent suggested for the acceptor stem of aminoacylated
Energetic and Structural Consequences of Aminoacyl tRNAs (67). This can be expected to have consequences for
“Cap”. The complex whose structure was solved in this work molecular recognition.
is not stabilized by hydrogen bonds beyond those found in  Finally, one might use our results to ask larger questions
the control dupleX2. Both complexes undergo cooperative about the strength of hydrophobic amétacking interactions
transitions from double-stranded to random coil forms. in protein~DNA complexes. The attractive force resulting
Comparison of the thermodynamic data for duplex dissocia- from stacking interactions between the tryptophan and the
tion of 1 and?2 thus allows one to gauge the extent to which terminal base pair appears weak when compared to those
the tryptophanyl-cap stabilizes the duplex. Our data (Table measured for oligonucleotides acylated with gyrase inhibitors
2) indicate that the stabilizing effect is rather slight. Even whosezn-system is less electron rich§). Since tryptophan
though self-complementary bears two tryptophanyl resi- is the most likely of the amino acid residues to be involved
dues, the effect of aminoacylation on the free energy of in strongm-stacking interactions, this seems to indicate that
duplex formation is minimal, once the electrostatic stabiliza- Nature did not choose to evolve a well intercalating protein
tion by the ammonium group of W1 has been titrated out residue. This is probably due to a need for specificity in
with salt. At 150 mM salt, no enthalpic stabilization of the binding, more difficult to achieve with intercalation than with
duplex is detected, and the slight decrease in the entropicthe combination of hydrogen bonding, van der Waals
penalty for duplex formation is the only stabilizing force. interactions, and charge complementarity that is commonly
This indicates that the van der Waalsspistacking forces  found in complexes of proteins with double-stranded DNA.
between the indole ring and the terminal base pair are not
very strong. This seems particularly true, as the capping with CONCLUSIONS
the aminoacyl moiety apparently decreases the fraying of In the aminoacylated oligonucleotide duplex (W-TGCG-
the DNA duplex at the termini and tightens the packing in CAC),, the hydrophobic and stacking interactions between
the DNA portion of the duplex, adding an additional the side chain of tryptophan and theATbase pair are
enthalpic stacking component to the total free energy of sufficiently strong to freeze the aminoacyl residue onto the
dissociation. base pair and to compete with a&tidyl residue for the
Again this observation is not without precedence. Mascotti stacking interactions. These interactions are not strong
and Lohman found that incorporating additional tryptophan enough, however, to produce a substantial melting point
residues into cationic peptides does not increase the affinityincrease at physiological salt concentration, even though the
for single-stranded nucleic acid8Q, 61, i.e., that the aminoacyl-cap reduces the fraying of the termini of the DNA
stacking interactions and the hydrophobic effect do not duplex. This leads to the conclusion that at least in this
suffice to cover the entropic cost for binding to single- sequence context, thestacking forces between indole ring
stranded DNA. In our study on the affinity of-Bminoacy- and nucleobases are weak. Besides contributing to the
lated, nonself-complementary oligodeoxyribonucleotides for understanding of proteinDNA interactions, our results
RNA complementary strands, the ditryptophanyl sequence provide structural and thermodynamic “yardsticks” for future
gave consistently lower melting points than the serinyl- studies on 5aminoacylated nucleic acids. Our results also
tryptophanyl or lysinyl-tryptophanyl sequencgs). demonstrate that upfield shifts for the aromatic protons of
Relevance for Stacking Interactions in ProteiDNA and tryptophan in the order of 0.5 ppm upon DNA binding do
Ligand—DNA ComplexesThe stacking interactions between not have to be interpreted as a sign of intercalation. Instead,
W1 and the terminal TA7 base pair of our complex do they may be due to stacking on exposed terminal base pairs,
not appear particularly strong. One form of the noncovalent sticky spots in DNA that have not been widely studied.
complex between '&B-diamidino-2-phenylindole and the
DNA hexamer (CGATCG)provides another example of a ACKNOWLEDGMENT
stacking interaction between an indole derivative and a The authors wish to thank S. Pochapsky, C. Turner, and
terminal base pair62). In this complex, the stacking J. Sudmeier for help with the acquisition of spectra, D.
interactions are probably stronger, as they suffice to assembleDaniels, C. Tetzlaff, H. Gupta, and I. Schwope for the
an intermolecular complex. This may be because the synthesis of oligonucleotides and their purification, A.
interaction is with a terminal @ base pair rather than an  Brodsky for helpful comments on the molecular dynamics,
A-T base pair or because the small molecule ligand has aand A. Bringer, R. Grosse-Kunstleve, and S. Stallings for
larger total hydrophobic surface to offer than W1linThe making available CNS prior to its release.
strong duplex-stabilizing effect of hydrophobic nucleobase
analogues appended as dangling residues suggest the lattetUPPORTING INFORMATION AVAILABLE

(63). Plots of InCi Versus 1T, for 1 and2, one-dimensional
5'-Aminoacylated oligoribonucleotides have recently been NMR spectra ofL. and2, a list of chemical shifts fol at 10
shown to be formed spontaneously in ribozyme-catalyzed °C in phosphate-buffered saline, and coordinates of the

acyl transfer reactions64—66), making this form of ami-  |owest energy structure df This material is available free
noacylated RNA interesting in the context of evolution. of charge via the Internet at http://pubs.acs.org.
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