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ABSTRACT: Tomaymycin is a member of the pyrrolo[ 1,4]benzodiazepine [P( 1,4)B] antitumor antibiotic 
group. This antibiotic is proposed to react with the exocyclic 2-amino group (N2) of guanine to form a 
covalent adduct that lies snugly within the minor groove of DNA. While DNA-footprinting experiments 
using methidiumpropyl-EDTA have revealed the favored bonding sequences for tomaymycin and related 
drugs on DNA, the stereochemistry at the covalent bonding site (C-1 1) and orientation in the minor groove 
were not established by these experiments. In previous studies using a combined fluorescence, high-field 
NMR,  and molecular modeling approach, we have shown that for tomaymycin there are two diastereomeric 
species (1 1R and 1 IS)  on both calf thymus DNA and d(ATGCAT)2. Although we were able to infer the 
identity (stereochemistry at  C-1 1 and orientation in the minor groove) of the two species on d(ATGCAT)2 
by high-field N M R  and fluorescence studies, in combination with molecular mechanics calculations, definitive 
experimental evidence was lacking. We have designed and synthesized a self-complementary 12-mer 
[d(CICGAATTCICG),] based on the Dickerson dodecamer [d(CGCGAATTCGCG),] that bonds identically 
two tomaymycin molecules, each having a defined orientation and stereochemistry. Thus the bis(tomay- 
mycin)-l2-mer adduct maintains the self-complementarity of the original duplex molecule. Two-dimensional 
proton J-correlated spectroscopy (COSY) of the bis(t~maymycin)-d(CICGAATTCICG)~ adduct (I = 
inosine) unequivocally shows that C-1 1 of tomaymycin covalently bonds through N 2  of guanine with an 
1 1 s  stereochemistry in the sequence 5'-CGA-3'. Fluorescence studies confirm the "S" stereochemistry at  
C- 1 1, and two-dimensional proton nuclear Overhauser (NOESY) experiments assign the orientation of the 
drug molecule in the minor groove of DNA, Le., with the aromatic ring of tomaymycin to the 3' side of 
covalently modified guanine. Molecular modeling experiments with AMBER are consistent with the iden- 
tification of the species of tomaymycin (1 1S with 3' orientation) bound to the 12-mer. This species and 
the other 1 1 s  species are favored over the two 11R species due to a combination of steric and electrostatic 
interactions. Analysis of two-dimensional COSY and NOESY experiments on the bis(tomaymycin)-d- 
(CICGAATTCICG)2 adducts reveals minimal effect of covalent bonding on local helix structure. From 
these experiments the modest but most pronounced distortion is at the deoxyribose attached to the modified 
guanine and both the phosphate and adjacent deoxyribose to the 5' side. The distortion of this phosphate 
between the covalently modified guanine and the 5' nucleoside is supported by its downfield-shifted phosphorus 
N M R  resonance signal. The discrepancy between the pairs of most energetically favored species of to- 
maymycin-DNA adducts on d(ATGCAT)2 and the 12-mer is explained by examining individual drug- 
nucleotide interactions. The results presented in this study together with previous investigations show that 
the orientation of the drug molecule in the minor groove, and stereochemistry at the covalent linkage site, 
is dependent upon both the flanking sequence and drug structure. This conclusion mandates caution be 
used in rationalizing the biochemical and biological effects of P( 1,4)B bonding to DNA until precise structural 
information is established. 

Xmaymyc in  and anthramycin are members of the P(1,4)B' 
antitumor-antibiotic group (Hurley, 1977; Hurley & Need- 
ham-VanDevanter, 1986; Remers, 1988). These drugs are 
proposed to react via the (2-11, N-10 imine 2 to form the 
unique covalent adduct 3 through the exocyclic 2-amino group 

'This work was supported by grants from the N I H  (GM-35009), the 
National Cancer Institute (CA-4975 1 and CA-37798), the Welch 
Foundation, and the Texas Advanced Technology Program. 

* To whom correspondence should be addressed. 
f Drug Dynamics Institute, University of Texas at Austin. 
$Department of Chemistry, University of Texas at Austin. 
11 University of Arizona. 

Louisiana State University. 

(N2) of guanine (Figure 1) (Petrusek et al., 1982; Barkley 
et al., 1986). There is an excellent correlation between both 
in vivo and in vitro cytotoxic potency of the P( 1,4)Bs and their 
ability to form covalent adducts through N2 of guanine on 
DNA for a variety of natural and synthetic compounds 
(Hurley et al., 1988; Thurston & Hurley, 1983). DNA- 
footprinting experiments with MPE (Hertzberg et al., 1986) 

I Abbreviations: P( 1,4)B, pyrrole[ 1,4] benzodiazepine; MPE, 
methidiumpropylethylenediaminetetraacetic acid; exo-111, exonuclease 
111; COSY, correlated spectroscopy; NOE, nuclear Overhauser effect; 
NOESY, nuclear Overhauser effect spectroscopy; I, inosine; TME, to- 
maymycin 1 I-methyl ether; XP, xeroderma pigmentosum; TSP, 3-(tri- 
methylsilyl)propionic-2,2,3,3-d4 acid sodium salt. 
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FIGURE 1: Proposed reaction of the P(1,4)Bs with DNA (Barkley et al., 1986). 

and an exo-111 stop assay (Hurley et al., 1988) concur that 
the most favored sequences for covalent bonding are 5’-PuGPu 
and the least favored are 5’-PyGPy, with 5’-PyGPu and 5’- 
PuGPy sequences of intermediate bonding reactivity. 

Tomaymycin (4) and anthramycin (5) (Figure 2) both have 
a right-handed twist along the length of the molecule (Arora, 
1981; Mostad et al., 1978) and are predicted by molecular 
modeling studies (Petrusek et al., 1982; Remers et al., 1986; 
Rao et al., 1986; Zakrzewska & Pullman, 1986) to be ac- 
commodated within the minor groove of DNA without large 
distortion of the DNA helix.2 While DNA-sequencing ex- 
periments using MPE or exo-111 reveal the favored covalent 
bonding sequences for anthramycin and tomaymycin, they are 
blind to important questions relating to the orientation of the 
drug molecule in the minor groove and the stereochemistry 
at the covalent linkage site between C-1 1 of the P(1,4)Bs and 
N2 of guanine. In order to address these questions, we have 
examined, by a combined high-field NMR, fluorescence, and 
molecular modeling approach, short oligomers such as d- 
(ATGCAT)2 that contain a single drug bonding site. For 
anthramycin on d(ATGCAT)* a single adduct has been 
demonstrated (Graves et al., 1985) in which the aromatic ring 
of the drug is oriented to the 3’ side of the covalently modified 
guanine and most likely has an 1 1 s  linkage stereochemistry 
(Boyd et al., 1990). For tomaymycin, fluorescence studies first 
suggested that tomaymycin can bond to calf thymus DNA 
with either the R or S configuration at C-11 (Barkley et al., 
1986). With d(ATGCAT), a combined fluoresence, high-field 
NMR, and molecular modeling study showed two species of 
tomaymycin bound to the oligomer, each having the opposite 
stereochemistry at C-1 1 (Cheatham et al., 1988). Although 
not definitive, the two species bound to this duplex were ten- 
tatively identified as the 1 IS and 11R diastereomers with the 
drug molecule oriented to either the 3’ or 5’ direction, re- 
spectively. In contrast, results from proton NMR experiments 
with other oligomers [d(TTCGAA)2 and d(AAGCTT),] 
showed predominantly one species of tomaymycin bound to 
each of these oligomers (Cheatham and Boyd, unpublished 
results). 

The Dickerson dodecamer [d(CGCGAATTCGCG),] 
(Drew et al., 1981) was used as a starting point to design a 
self-complementary 12-mer sequence that would bond two 

For anthramycin covalently bound to d(ATGCAT),, Zakrzewska 
and Pullman (1986) predict a B- toward an A-type transition of the 
DNA. 

tomaymycin molecules, each with the same defined orientation 
and stereochemistry. This dodecamer has three internal 
guanines (underlined in the 12-mer) that are potential to- 
maymycin covalent bonding sites (the terminal guanine is 
unlikely to be a bonding site). Two of these guanines were 
replaced with inosine, leaving only the guanine in the CGA 
sequence as a potential tomaymycin bonding site. Inosine 
differs from guanine only in that it lacks the exocyclic 2-amino 
group. In the inosine-disubstituted dodecamer [d(CICGA- 
ATTCICG)2] the remaining tomaymycin-reactive guanine is 
contained within the sequence (5’-CGA) that is predicted from 
previous unpublished studies from our laboratories (see above) 
to bond predominantly one species of tomaymycin. In the 
present study we provide evidence for this assumption and 
determine independently by fluorescence and high-field NMR 
the stereochemistry at  the covalent linkage site. NOESY 
experiments assign the orientation of tomaymycin in the minor 
groove of DNA. We also show that there is a very modest 
change in local conformation of DNA upon adduct formation. 
The results of molecular modeling using the AMBER molecular 
mechanics program are in good agreement with these results. 
These calculations provide insight into the molecular inter- 
actions which favor the experimentally determined species on 
this 12-mer. It has long been assumed that the P( 1,4)Bs form 
covalent adducts through N2 of guanine (Hurley, 1977). The 
present proton NMR results provide the first direct evidence 
for covalency between N2 of guanine and C- 1 1 of a P( 1,4)B. 

MATERIALS AND METHODS 
Chemicals. (1 lR,l laS)-TME was generous gift from Dr. 

Kohsaka of Fujisawa Pharmaceuticals. d(C1CGAATT- 
CICG)2 was prepared by The Midland Certified Reagent Co. 
by solid-phase phosphoramidite chemistry. 

Purification of d(CICGAATTCICG)2. d(C1CGAATT- 
CICG)2 was purified in-house on a Machery-Nagel Nucleo- 
gen-DEAE 60-7 HPLC column with an increasing gradient 
to 1 M NaCl in 15 mM sodium phosphate and 20% aceto- 
nitrile/aqueous buffer, pH 6.8. 

Preparation of the B~s(~o~~~~~c~~)-~(CICGAATTCICG)~ 
Adduct. ( A )  NMR Experiments. The bis(tomaymycin)- 
12-mer adduct was prepared by adding -4 mg of the solid 
( 1  1 R,1 1aS)-TME to -250 Azao units of the self-comple- 
mentary oligomer in 600 pL of 10 mM NaH2P04, 100 mM 
NaCl, and 0.01 mM EDTA-buffered D 2 0  at pH 6.8. The 
mixture was lyophilized to dryness and reconstituted in 1 mL 
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Table I 
(A) Comparison of the Base Proton NMR Chemical Shift Assignments (ppm) and TI Relaxation Times of Nonexchangeable and Imino Protons of 

d(CICGAATTCICG)2 and the Bi~(tomaymycin)-d(C1CGAATTCICG)~ Adduct in D20 at 24 OC 
bis(tomaymycin)- 
d(C1CGAATT- bis(tomaymycin)- 

CICG)* d(CICGAATTCICG)2 d(C1CGA- 
ATTCICG)2, 

assignment 6 6 A6 assignment d(CICGAATTCICG)2, 6 6 A6 

IC H6 
*I H8 
'C H6 
4G H8 

H8 
6A H8 
'T H6 

H6 
¶C H6 
IO1 H8 
"C H6 

7.62 
8.30 
7.18 
7.81 
8.10 
8.10 
7.07 
7.33 
7.47 
8.25 
7.21 

7.58 
8.20 
7.29 
7.62 
7.86 
7.95 
7.27 
7.07 
7.24 
8.06 
7.18 

-0.04 
-0.10 
+0.11 
-0.19 
-0.24 
-0.25 
+0.20 
-0.26 
-0.23 
-0.19 
-0.03 

Aromatic Protons 
12G H8 
IC H5 5.90 
21 H2 
'C H5 5.26 
5A H2 
6A H2 
'T Me 
8T Me 
'C H5 
"'1 H2 
"C H5 

7.85 (4.19 h 0.08) 

7.15 (3.10 h 0.06) 

7.89 

7.57 (3.75 f o.ogj 
1.22 
1.50 
5.62 
7.66 (3.66 h 0.06) 
5.35 

7.84 
5.82 
7.80 (5.06 f 0.17) 
5.22 
7.24 (4.51 f 0.15) 
7.65 (5.19 h 0.18j 
1.15 
1.49 
5.32 
7.22 (3.86 0.09) 
5.22 

-0.05 
-0.08 
-0.05 (+0.87) 
-0.04 
+0.09 (+1.41) 
+0.08 (+1.44) 
-0.07 
-0.01 ~ ~~ 

-0.30 
-0.44' (+0.20) 
-0.13 

Imino Protons (10 "C) 
12.70 12.80 +0.10 4G-9C 12.40 12.42 +0.02 
15.38 15.41 +0.03 5A-8T 13.55 14.02 +0.47' 
15.17 15.12 -0.05 6A-7T 13.60 13.60 -0.00 

lC-l2G 

3C-101 
21-IlC 

(B) Comparison of the Deoxyribofuranose Proton Chemical Shift Assignments (ppm) of d(CICGAATTCICG)2 and the 
Bi~(tomaymycin)-d(CICGAATTC1CG)~ Adduct 

deoxyribose protons 
H1' H2' H 2" H3' H4' 

12- T- 12- T- 12- T- 12- T- 12- T- 
assignment mer 12-mer A6 mer 12-mer A6 mer 12-mer A6 mer 12-mer A6 mer 12-mer A6 

IC 5.59 5.55 -0.04 1.96 1.90 -0.06 2.35 2.30 -0.05 4.61 4.62 +0.01 4.03 4.01 -0.02 
2 1  6.15 6.18 +0.03 2.72 2.65 -0.07 2.85 2.82 -0.03 4.92 4.93 +0.01 4.42 4.38 -0.04 
'C 5.67 5.39 -0.28 1.58 2.06 +m 2.14 2.29 +0.15 4.67 4.75 +0.08 4.03 4.16 +0.13 
4G 5.26 6.00 +w 2.63 2.43 -0.20 2.67 2.80 +0.13 4.88 4.92 +0.04 4.28 4.36 +0.08 
SA 5.94 5.75 -0.19 2.65 2.44 -0.21 2.89 2.55 - 0 0  4.98 4.88 -0.10 4.40 4.24b -0.16 
6A 6.08 5.80 -0.28 2.60 2.21 - 0 0  2.88 2.79 -0.09 4.92 4.70 -0.22 4.42 3.92 -000 
'1 5.83 5.98 +0.15 1.95 1.95 +O.OO 2.53 2.60 +0.07 4.71 4.85 +0.14 4.09 4.24b +0.15 
8T 6.04 6.05 +0.01 2.12 2.15 +0.03 2.51 2.57 +0.06 4.82 4.89 +0.07 4.12 4.20b +0.08 
9c 5.46 5.72 +0.26 2.05 1.80 -0.25 2.35 2.14 -0.21 4.79 4.84 +0.05 4.12 4.20b +0.08 
101 6.13 5.78 -00 2.70 2.55 -0.15 2.86 2.55 -00 4.94 4.81 -0.13 4.37 4.24 -0.13 
"C 5.78 5.83 +0.05 1.64 1.52 -0.12 2.20 2.15 -0.05 4.72 4.69 -0.03 4.18 3.81 -0.37 
I2G 6.09 6.09 0.00 2.24 2.29 -0.05 2.61 2.55 -0.06 4.57 4.61 +0.04 4.15 4.00 -0.15 

A6 underlined are > f0 .3  ppm. bThe resonance of these H4' protons in the bi~(tomaymycin)-d(CICGAATTCICG)~ adduct overlap. 

HO&& H 9\ 10 11 OH 

B 
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n 

5d('C21 3C4G5A6A7T8T9C "1 "C 12G)2 

6 
FIGURE 2: Structures and numbering of tomaymycin (4), anthramycin 
(5), and the inosine-disubstituted d(CICGAATTCICG),  (6). 

of the aforementioned aqueous ( H 2 0 )  buffer. This solution 
was heated at 60 O C  for 5 min and then slowly allowed to cool 
to 4 OC overnight. This mixture was stirred at 4 "C for 4 days, 
at which time the resulting duplex adduct was separated from 
excess drug by conventional column chromatography. Chro- 

A 

h 
-2 PPM 0 -1 

FIGURE 3: Proton-decoupled 202.44-MHz phosphorus NMR spectra 
of (A) the d(CICGAATTCICG), duplex and (B) the tomaymycin- 
d(CICGAATTCICG), adduct in buffered D20 at 24 O C .  

matography was carried out at ambient temperature with 
hydroxylapatite as the adsorbent and a slow linear gradient 
of aqueous sodium phosphate buffer, pH 6.8, increasing from 
10 to 200 mM and was monitored by absorbance at 254 nm. 
The appropriate duplex adduct fractions were adsorbed onto 
four Waters C-18 sep-paks connected in tandem. After the 
sep-paks were washed with water, the duplex adduct was eluted 
with 20% methanol in water, and the eluent was lyophilized 
to dryness. 
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FIGURE 4: (A) 500-MHz proton NMR spectrum (0.9-9.2 ppm) of the bis(tomaymycin)-12-mer adduct in buffered DzO at 24 OC. The arrow 
points to the nonexchanged 4G amino proton. (B) Contour plot of the NOESY spectrum (250-ms mixing time) of the adduct at 24 OC. (C) 
Contour plot of the magnitude COSY spectrum at 24 O C .  Arrow A shows the scalar coupling between the 'G hydrogen-bonded amino proton 
and tomaymycin HI 1. Arrow B denotes the scalar coupling predicted for the 1 IS diastereomer of this adduct between the tomaymycin HI 1 
and H 1 la protons. 

( B )  Fluorescence Experiments. The solution for fluores- 
cence experiments was prepared by dissolving 17.7 Am units 
of a lyophilized sample of the 12-mer adduct in 0.9 mL of 
water and diluting 3-fold with buffer. The final solution had 
AZ6,, = 6.5 and A332 = 0.33 in a 1-cm cuvette. The tomay- 
mycin concentration was 9.7 X M, based on the absor- 
bance at 332 nm and an extinction coefficient of 3.4 X lo3 
M-' cm-I for the tomaymycin-DNA adduct (Barkley et al., 
1986). The dodecamer concentration was about 7.6 X lo-" 
M duplex, based on the absorbance at  260 nm, an extinction 
coefficient of 7.4 X lo3 M-I cm-' for the duplex, and an 
extinction coefficient of 9 X lo3 M-' cm-' for tomaymycin 
(Arima et ai., 1972). The extinction coefficient of the duplex 
was estimated from the base sequence (CRC Handbook of 
Biochemistry and Molecular Biology) with 20% hyper- 
chromicity, assuming that guanosine and inosine mono- and 
dinucleotides have the same extinction coefficients. Unbound 

tomaymycin was removed by extraction 4 times with ethyl 
acetate and twice with ether. Ether was removed with a stream 
of Nz. The sample was placed in a 4 X 10 mm stoppered 
cuvette. 

Proton NMR Experiments. NMR samples for the un- 
modified oligodeoxynucleotide and its bis(tomaymycin) adduct 
contained between 210 and 250 Am units in 600 pL of 10 mM 
NaHZPO4, 100 mM NaCl, and 0.01 mM EDTA-buffered 
DzO, pH 6.8. Samples were degassed with argon prior to 
N M R  analysis. One- and two-dimensional proton and 
phosphorus NMR experiments in D 2 0  and HzO were recorded 
on a G N  500 FT NMR spectrometer. Chemical shifts are 
reported in parts per million with positive values downfield 
from an external reference of 1 mg/mL TSP in DzO for 'H 
and an external reference of 85% H3P04 in D 2 0  for res- 
onances. 

One-dimensional and NOE difference spectral analyses of 
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the nonexchangeable protons and exchangeable imino protons 
were performed on the D 2 0  sample and the same sample that 
had been lyophilized and redissolved in 90% H20/10% D20. 
Suppression of the H 2 0  signal was achieved with a 1-3-3-1 
pulse sequence (Hore, 1983), and the exchangeable protons 
were assigned at  23, 15, 10, 5, and 0 O C  as before (Graves 
et al., 1985). TI  experiments were performed with the 
standard nonselective 1 8O0-tI-9O0 pulse sequence (Cheatham 
et al., 1988). 

For all two-dimensional experiments a presaturation pulse 
was applied to suppress the HOD signal. Homonuclear scalar 
coupling was determined by using the standard-magnitude 
two-dimensional COSY and phase-sensitive two-dimensional 
double quantum filtered COSY. 2K complex points in t2 and 
256 points in the t l  domain were acquired. Likewise, the 
phase-sensitive two-dimensional NOESY experiments were 
acquired with 2K data points in t2 and 256 points in t l .  A pulse 
repetition time of 0.5 s was used for all COSY experiments 
and 2 s for each NOESY experiment. Mixing times of 50, 
100, 250, and 400 ms were used for the phase-sensitive two- 
dimensional NOESY experiments and were stochastically 
varied to suppress cross peaks arising from scalar coupling 
(States et al., 1982). For all proton two-dimensional phase- 
sensitive experiments, a 45’-shifted sine bell function was 
applied to the data in both dimensions prior to transformation. 
For all two-dimensional proton experiments, the data were zero 
filled in t l  such that the final frequency domain spectra con- 
sisted of 1 K X 1 K data matrices after symmetrization. Pro- 
ton-decoupled phosphorus spectra were collected at 202.44 
MHz. Phosphorus-detected, 1H-31P J-correlation experiments 
were performed according to the procedure described by Bax 
and Sarkar (1984). 

Time-Resolved Fluorescence Studies. Fluorescence decay 
measurements were made by the time-correlated single-photon 
counting technique as described before (Barkley et al., 1986). 
Decay curves were acquired at 5 OC to about 15 X lo3 counts 
in the peak. The data were fitted by reference deconvolution 
(Kolber & Barkley, 1986) to a sum of exponentials 
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to minimum energy as described above. Helix distortion en- 
ergies were determined by subtracting the energy of the helix 
in the covalent complex from that of the separately minimized 
helix, and distortion induced in tomaymycin in the complex 
was determined in the same way. 

Structural effects of water and counterions were neglected 
in energy calculations on the complexes. Although these ef- 
fects influence the absolute values of binding energies, they 
should be negligible in comparisons of relative binding energies 
wherein the same drug is used at the same bonding site on the 
duplex. 

with amplitudes ai and lifetimes T~ In the case of ground-state 
heterogeneity, the amplitude ai of component i depends on its 
molar extinction spectrum, fluorescence emission spectrum, 
radiative lifetime, and concentration. Decay curves measured 
at 3 13-, 337-, and 355-nm excitation wavelength and 420-nm 
emission wavelength were analyzed by a global program, as- 
suming that the lifetimes but not the amplitudes are inde- 
pendent of wavelength (Knutson et al., 1983). 

Molecular Modeling Studies. The crystal structure of TME 
(Arora, 198 1) was used as the initial structure in this inves- 
tigation. Partial atomic charges for tomaymycin with the 
methoxy group removed (for covalent bonding) were obtained 
from ab initio calculations as reported previously (Cheatham 
et al., 1988). The resulting structure was minimized by using 
the program AMBER 2.0 (Weiner & Kollman, 1984) and all 
atom force-field parameters (Weiner et al., 1984). A dis- 
tance-dependent dielectric constant was used, and energy re- 
finement was continued untl the rms gradient was less than 
0.1 kcal (mol A). The cutoff distance for nonbonded pairs 

cycles. The heptanucleotide duplex structure d(C1CG- 
AATGCICTTA) was constructed and brought to a minimum 
energy in the same way. The minimized tomaymycin structure 
was docked to this duplex near 4G in four different orientations 
with the aid of the interactive graphics program MIDAS (Ferrin 
et al., 1988a,b). Each of the docked structures was brought 

was 99 1 , and the nonbonded pair list was updated every 100 

RESULTS 

Proton NMR Comparison of the Inosine-Disubstituted 
Dodecamer [ d( CICGAA TTCICG),] with the Dickerson Do- 
deramer [d(CGCGAATTCGCG),]. The chemical shifts and 
TI  relaxation times of select protons of the inasinedisubstituted 
12-mer (Figure 2) are listed in Table I. Comparison of these 
results with previously published values (Reid, 1983) for the 
Dickerson dodecamer shows that the effect of substituting 
inosine for guanine at  ,G and ‘OG on chemical shifts of oli- 
godeoxynucleotide protons is minimal. Where changes occur, 
these are restricted to the base pairs containing the inosine 
and in rare instances to the adjacent base pair. For example, 
the imino protons of 21-11C and 3C-101 move downfield by 
about 2 ppm, and the chemical shifts of nonexchangeable 
aromatic protons of and l0I become more characteristic of 
adenine than guanine. In the deoxyribose moieties of 2I and 
I O 1  the Hl’, H2’, and H2” proton signals are shifted downfield 
relative to the equivalent guanines in the Dickerson dodecamer. 
For all other sugar protons observed, the chemical shift change 
is less than 0.05 ppm with the exception of 9C and 4G, where 
H 1’ protons are shifted upfield by about 0.2 ppm. 

The one-dimensional proton and two-dimensional COSY 
spectra of the inosine-disubstituted dodecamer are available 
(see paragraph at  end of paper regarding supplementary 
material). The expected scalar cross peaks between the two 
thymine H6 and 5-CH3 and four cytosine H5 and H6 protons 
are evident. 

Symmetry of the Complex. ( A )  Phosphorus NMR Com- 
parison of the d(CICGAATTCICG), Duplex and Tomay- 
mycin-d( CICGAATTCICG)2 Adduct. A comparison of the 
proton-decoupled phosphorus spectra of d(C1CGAATT- 
CICG), and its tomaymycin adduct is shown in parts A and 
B of Figure 3, respectively. While the individual phosphorus 
chemical shifts have changed in the 12-mer adduct species 
relative to the duplex alone, the overall complexity (i.e., the 
number of 31P resonance signals) of the spectrum has not 
changed appreciably. In each case approximately 11 phos- 
phorus resonances can be identified (see later in Figure 9). 
The constant number of phosphorus resonances in the duplex 
and its 12-mer adduct implies that the duplex adduct has 
maintained the self-complementarity of the duplex and 
therefore has become associated with an euen number of to- 
maymycin molecules (presumably two), each of which is 
equivalent in all respects. One of the phosphorus signals in 
the 1Zmer adduct has shifted downfield, most likely indicative 
of a structural perturbation of the deoxyribose phosphate 
backbone as a consequence of tomaymycin bonding to the 
12-mer duplex (see later). 

( B )  Nonexchangeable Proton Assignments in the Tomay- 
mycin-d(CICGAATTCICG)2 Adduct. The 500-MHz proton 
NMR of the tomaymycin-d(CICGAATTCICG), adduct is 
shown in Figure 4A. The majority of the signals are well 
resolved and have been assigned by two-dimensional NMR 
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Table 11: Comparison of the Nonexchangeable Proton Chemical Shift‘ Assignments (ppm) in Tomaymycinb Alone and in the 
Tomavmvcin-12-mer Duplex Adduct 

species Hl’sC H3‘sc H6 7-OCH3 H9 H I 1  H l l a  H I 2  H13 
tomaymycin ( 1 1 R, 1 1 aS) 2.97, 2.69 4.25, -4.28 7.28 3.28 6.22 4.58 3.96 5.44 1.66 
tomaymycin-12-mer duplex adduct 2.97, 2.78 3.15, 3.90 7.10 3.88 6.40 5.48 3.99 5.75 1.70 

Chemical shifts are in parts per million using TSP as an internal reference. 
A6 C C -0.18 +Wd +0.18 +WO +0.03 +03J +0.04 

For numbering of tumaymycin, see Figure 2. Individual chemical 
shift assignments for each pair of H1 and H3 protons were not made, and therefore A6 values are omitted. dUnderlined are >f0.3 ppm. 

FIGURE 5: (A) 500-MHz proton NMR spectrum (12-16 ppm) of the 
bis(tomaymycin)-d(CICGAATTCICG)2 adduct in buffered 90% 
HzO/IO% DzO, p H  6.8 a t  24 OC. One-dimensional NOE difference 
spectra following saturation (2 s) of (B) the 14.13 ppm and (C) the 
12.59 ppm exchangeable resonanm in the complex. The assignments 
of the imino protons of the complex and the phenolic proton of 
tomaymycin a t  IO OC are  listed in Tables I and 11. 

spectra utilizing through-bond (COSY) and through-space 
(NOESY) connectivities (see later). The phase-sensitive 
NOESY (mixing time 250 ms) and magnitude COSY spectra 
are plotted in parts B and C of Figure 4, respectively. The 
chemical shift assignments for the nucleotide and tomaymycin 
protons in the duplex and the tomaymycin4uplex adduct are 
listed in Tables I and 11. 

A comparison of the proton spectra of the duplex and to- 
maymycin-duplex adduct does not reveal any increase in 
complexity; Le., same number of resonances are found in both 
spectra, except for an additional set of tomaymycin proton 
resonances in the duplex adduct. This observation confirms 
the symmetry of the tomaymycin-duplex adduct revealed also 
in the phosphorus spectra (Figure 3). 

Identification of the Covalent Linkage Sites between To- 
maymycin and DNA in the Bis(tomaymycin)-d(CICGA- 
ATTCICG)2 Adduct. The proton NMR of the imino region 
of the bis(tomaymycin)-d(CICGAATTCICG)2 adduct in 90% 
H20 is plotted in Figure 5A. Six imino proton signals are 
found in the region between 12 and 16 ppm and are identified 
in Table I. These were assigned by one-dimensional NOE 
experiments, and a representative NOE difference spectrum 
is shown in Figure 5B. The two protons upfield of the imino 
region in Figure 5A are the tomaymycin phenolic proton (10.5 
ppm) and the 4G hydrogen-bonded 2-amino proton (8.95 ppm). 
The assignment of the 4G hydrogen-bonded 2-amino proton 
(NHb) was made by irradiation of the 4G imino proton and 
observation of the nonexchangeable base and amino proton 
region (7.0-9.0 ppm) (Figure 5C). Irradiation of the 4G-9C 
imino proton results in NOES into the 4G NHb, 9C NHb, and 
most likely the 9C H6. 

The 4G NHb proton identified through the one-dimensional 
NOE experiment (see Figure 5C) also appears in the one- 
dimensional proton spectrum run in D 2 0  (arrow in Figure 4A). 
Normally guanine amino protons in duplex DNA are rapidly 
exchanged in DzO, but in this case the exchange is relatively 
slow, suggesting tomaymycin modification of the duplex at this 
siteU3 In the magnitude COSY (Figure 4C) scalar coupling 
is evident between 4G NHb and the proton at C-11 of to- 
maymycin (arrow A). This establishes the points of covalent 
attachment between tomaymycin and d(CICGAATTCICG)2 
as C-1 1 and the 4G exocyclic 2-amino nitrogen, respectively. 

Determination of the Covalent Linkage Site Geometry and 
Orientation of Tomaymycin in the Minor Groove of d- 
(CICGAATTCICG)2. ( A )  Molecular Modeling Predictions. 
In  principle, tomaymycin can assume four different binding 
modes while covalently bonded through N2 of 4G on d- 
(CICGAATTCICG)2. Thus four different binding modes 
were modeled: the R and S configurations at  C-11 of to- 
maymycin, each with the drug positioned in the minor groove 
so that its aromatic ring was pointing toward the 3’ end or the 
5’ end of the covalently bound strand of d(C1CGAAT. 
GCICTTA). Following energy minimization in AMBER, the 
net binding energy for each species was calculated from its 
total intermolecular drug-DNA binding energy minus the helix 
and drug distortion energies that resulted from the induced 
fit (Table 111). There was a preference by 2.9 kcal/mol for 
the covalent adduct with 11s configuration and the benzene 
ring toward the 3’ direction over the 5’-oriented adduct with 
the same stereochemistry. While the molecular mechanics 
results clearly rule out both 11R diastereomers, the difference 
of 2.9 kcal/mol is considered insufficient t o  definitely dif- 
ferentiate between the two 1 1 s  diastereomers. 

The explanation for the greater stability of the pair of 11s 
diastereomers lies not in differences in distortion energies but 

It is pertinent to note that Gao and Patel (1989) have observed 
separate resonance signals for the guanine 2-amino hydrogen-bonded 
(NHb) and exposed protons (NH,) in the chromomycin-DNA complex 
at around 8.1-8.6 and 5.7-6.7 ppm, respectively. Presumably, the bound 
chromomycin molecule prevents the N2 guanine protons from rapidly 
exchanging, as normally occurs in  duplex molecules. 
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Table I l l :  Energies (kcal/mol) of Covalent Complexes between Tomaymycin and d(CICGAATGC1CTTA)’ 

confign at C-l 1 directionb total steric elstat total drug DNA total net bindingd 
intermolecular distortionc 

S 3’ -443.5 -25.7 -13.4 -39.1 0.1 11.8 11.9 -21.2 
S 5’ -440.6 -29.2 -9.9 -39.1 1 .o 19.7 20.7 -18.3 
R 3’ -420.9 -15.0 -8.4 -23.4 2.5 22.2 19.7 -3.1 
R 5’ -432.3 -24.6 -7.0 -3 1.6 2.3 19.3 21.6 -10.0 

OThese energies are valid only for comparison within the table. They should not be compared with other drugs or other DNA segments. 
Direction refers to orientation in the minor groove. 3’ and 5’ are oriented with the aromatic ing to 3’ or 5’ sides, respectively. CDrug distortion and 

helix distortion energies equal their values in the complex less their values when minimized alone (18.8 and -441.1 kcal/mol, respectively). dNet  
binding energy equals the total intermolecular binding minus the total distortion energy. 

Table IV: Energies (kcal/mol) for the Interactions of Tomaymycin 
with Individual Residues of d(CICGAATGC1CTTAP 

S 3’ -3.6 -4.7 -4.0 
S 5‘ -3.1 -4.5 -4.1 
R 3‘ -3.1 -3.0 
R 5’ -3.9 -3.4 

OOnly energies >-3.0 kcal/mol are listed. b S  stands for sugar. 

in intermolecular binding energies (Table IV). Through a 
combination of steric and electrostatic interactions, where steric 
binding energies predominate, the 1 1 s  diastereomers are fa- 
vored equally over 11R diastereomers. According to these 
calculations the 3’ orientation is then marginally favored over 
the 5’ orientation on the basis of the relative distortion energies 
required for bonding in tomaymycin and DNA. 

(B)  Fluorescence Studies. Previously we showed that there 
are two fluorescent ground-state forms of tomaymycin in protic 
solvents and on calf thymus DNA and d(ATGCAT), (Barkley 
et al., 1986; Cheatham et al., 1988). We argued that the 
longer lifetime component represents the 11S,1 l a S  diaster- 
omeric adduct, while the shorter lifetime component represents 
the 11  R adduct. In contrast, we found essentially one 
fluorescent species of tomaymycin on d(CICGAATTCICG)2, 
corresponding to the longer lifetime component or the 
11S,1 l a S  diastereomer (Table V). The fluorescence decay 
of the tomaymy~in-d(C1CGAATTC1CG)~ adduct gave an 
acceptable fit to a monoexponential function with a xr2 value 
of 1.4 and a lifetime of 6.4 ns. A slightly better fit with xr2 
= 1.2 was obtained by assuming a biexponential function. 
Including the second exponential term in the data analysis had 
little effect on the lifetime of the predominant species. As seen 
in Table V, the 6.4-11s lifetime lies within the range of values 
associated with the 11s diastereomeric adduct in calf thymus 
DNA and d(ATGCAT),. On the basis of the relative decay 
amplitudes ai in the bis(tomaymycin)-d(CICGAATTCICG)2 
adduct, the 11s diastereomer is present in at  least 10-fold 
excess over the short-lifetime species. The 1.6-11s lifetime may 
be due t o  small amounts of unbound tomaymycin, a second 
species of the tomaymycin-duplex adduct, or an unresolved 
mixture of the two. Molecular modeling data (Table 111) 
would suggest that the second most energetically favored 
species is the 1 lS, S-oriented adduct. Since this species should 
have the longer lifetime (6.4 ns), we propose that the small 
amount of the second species observed by fluorescence is free 
tomaymycin. Attempts to fit the fluorescence decay to a 
triexponential function were unsuccessful. 

(C)  Proton N M R  Studies. ( 1 )  Stereochemistry at the 
Covalent Linkage Site. Examination of the magnitude COSY 
spectrum of the bis(tomaymycin)-d(CICGAATTCICG)2 
adduct shows scalar coupling of the 11 and 1 l a  protons of 
tomaymycin (arrow B in Figure 4C). In addition to firmly 

Table V: Fluorescence Decay Data for Tomavmvcin Bound to Calf 
Thymus DNA, d(ATGCAT&, and d(CIGCAATkICG),’ 

337 0.31 0.69 
355 0.28 0.72 

331 0.52 0.48 
355 0.63 0.31 

337 0.08 0.92 
355 0.08 0.92 

d(ATGCAT)z 313 0.43 2.3 0.57 5.7 

d(CIGCAATTC1CG)z 313 0.11 1.6 0.89 6.4 

Decay parameters were obtained by global analysis of decay curves 
measured at the indicated excitation wavelengths and emission wave- 
lengths between 390 and 490 nm. bFractional amplitudes Ea, = I .  
‘Data for pH 7.5,5 “C, from M. D. Barkley, F. N. Chowdhury and K. 
Maskos (manuscript in preparation). Amplitudes and lifetimes are 
independent of pH in the range 6.4-9.0. 

assigning the 5.48 ppm resonance signal to the proton at C11 
of tomaymycin (which is shifted downfield by 0.9 ppm relative 
to its chemical shift in free tomaymycin), the scalar coupling 
of protons at C11 and C1 l a  potentially provides stereochemical 
information on the linkage site geometry! In TME only the 
1 1 S, I 1 aS diastereomeric species shows scalar coupling between 
protons at  C11 and C1 l a  because the dihedral angle between 
these protons in the 11 R,1 l a S  diastereomer is close to 90’ 
(Barkley et al., 1986). Molecular modeling using AMBER was 
carried out on both diastereomeric species (1 1R,1 l a S  and 
11S,1 laS) of tomaymycin bound covalently to the inosine- 
disubstituted dodecamer with each having a 3’ orientation of 
the aromatic ring of tomaymycin to 4G. Only these two species 
were modeled since the NOE data narrowed down the four 
possible species to the 3’-oriented adducts (see later). The 
results showed that only the 11S,1 l a S  species was predicted 
to have significant scaler coupling between protons at C11 and 
CI 1 a; i.e., the dihedral angles between the protons at C11 and 
C1 l a  in the 11s and 11R species are predicted to be 175.7’ 
and 71.5’, respectively. The assignment of the species of 
tomaymycin bound to 12-mer duplex as the 11S,1 l a S  dia- 
stereomer is also consistent with the fluorescence results (see 
Table V).  

( 2 )  Orientation of Tomaymycin in the Minor Grooue of the 
12-mer Duplex. In principle, the tomaymycin molecule may 
be oriented with the aromatic ring either to the 3’ side or to 
the 5’ side of covalently modified guanine in the 12-mer ad- 
duct. To assign the orientation of tomaymycin in the minor 

In  a previous paper on tomaymycin4(ATGCAT)z (Cheatham et al., 
1988), we had only reported one set of scalar cross peaks for coupling 
of the 1 1 and 1 1 a protons. However, there is a second set of scalar cross 
peaks for the 1 I and 1 l a  protons that we had overlooked. For this second 
set, reported for the first time, the proton at C-I1 has a chemical shift 
of 4.42 ppm. Molecular modeling using AMBER (Remers, unpublished 
results) predicts scalar coupling between the protons at C11 and CI la  
for borh tentatively identified tomaymycin-(ATGCAT)2 adducts (1 IS, 
3’ orientation, and I 1  R, 5’ orientation), in contrast to the results reported 
here for the equivalent bis(tomaymycin)-l2-mer adducts. 



Tomaymycin-d(CICGAATTC1CG)z Adduct Biochemistry, Vof. 29, No. 9, 1990 2395 

2 4  8 2  8 0  7 8  7 6  7 4  7 2  7 0  

1 

H9 

FIGURE 6:  Phase-sensitive NOESY (250-ms mixing time) expanded contour plots of the Pu H8 and the Py H6 to H1' protons for the (A) 
duplex and (B) duplex adduct. Intranucleotide cross peaks are indicated and the sequential 3' to 5' walks between the base and H1' protons 
are traced. Box A in panel B shows the tomaymycin H9 cross peaks to SA and 6A H2s. 
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FIGURE 7: Phase-sensitive NOESY (250-ms mixing time) expanded contour plots of the Pu H 8  and Py H6 to H2' and H2" protons for the 
(A)  duplex and (B) duplex adduct. Intranucleotide connectivities are  indicated with solid lines. Internucleotide connectivities are  indicated 
with broken lines. Arrow A and box B in panel B denote the cross peak(s) between I0I H 2  and the tomaymycin ethylidene methyl (A) and 
HI  a and H 1 b (B), respectively. 
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groove of DNA, specific intermolecular drug-nucleotide NO& 
need to be identified between unambiguously assigned to- 
maymycin and deoxynucleotide protons. Molecular modeling 
studies show that the H9 and ethylidene methyl protons of 
tomaymycin are in proximity to the floor of the minor groove 
of DNA (Petrusek et al., 1982). Adenine and inosine H2s that 

are located in the minor groove are potential "reporter atoms" 
to detect tomaymycin protons via NOE cross peaks. In the 
expanded NOESY spectrum (Figure 6B) cross peaks are ev- 
ident between the tomaymycin H9 and both 5A and 6A H2 
protons (box A). In addition, a NOE cross peak is found 
between the tomaymycin ethylidine methyl and a l0I H2 proton 
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plcmentary scalar coupling observed in the two-dimensional 
COSY spectrum. 

The assignments of sugar H2” and H2’ protons in the 12- 
mer and bis(tomaymycin)-l2-mer adduct are made from their 
NOESY cross peaks to inter- and intranucleotide base protons 
(Figure 7). In addition, qualitative analysis of the base H8/H6 
to H2” and H2’ proton NOESY cross peaks at lower mixing 
times (50 and 100 ms) is a recognized means to evaluate the 
purine OI8-C,,-N9-C4 and pyrimidine 0,,-CI,-NI-C2 glyco- 
sidic dihedral angle ranges syn, anti, and high anti (Hosur et 
al., 1986; Kumar et al., 1985; Chary et al., 1987). From the 
data in Tables VI1 and VI11 we tentatively conclude that a 
significant number of glycosidic dihedral angles in the un- 
modified duplex are in the high-anti domain (,I, ’T, loI, 

IzC), which suggests a DNA structure deviant from the 
classical B - f ~ r m . ~  Two of the high-anti glycosidic angles are 
associated with substitution of deoxyinosine for deoxyguanosine 
into the dodecamer (21, ‘OI) .  The high-anti glycosidic dihedral 
angle for nucleotide I2G may be due to fraying at the oligomer 
termini, because this linkage is not as restricted as those more 
internal. In the bis( tomaymycin)-d( CICGAATTCICG)2 
adduct, only nucleotide *T continues to exhibit a glycosidic 
dihedral angle in the high-anti form, with the remainder of 
the nucleotides having glycosidic dihedral angles in the anti 
range, which is consistent with a B-form DNA. 

The nonscalar cross peaks between base H8/H6 and sugar 
H2” and H2’ protons have also been used to distinguish be- 
tween A- and B-type helices (Haasnoot et al., 1984). In the 
case of A-type DNA, the C3’-endo sugar geometry predom- 
inates and internucleotide cross peaks between H8/H6 protons 
to the 5’-neighboring H2’ protons are stronger than those to 
the corresponding intranucleotide H2’ protons. The converse 
is true for B-type DNA, where C2’-endo sugar geometry 
predominates and the intranucleotide distances are shorter. 
The intensities of these cross peaks at lower mixing times (50 
and 100 ms) were used to qualitatively confirm the sugar 
geometry assignments made from the scalar coupling observed 
or absent in the two-dimensional COSY (see below). 

( B )  Two-Dimensional COSY Experiments. Since the vi- 
cinal coupling constants of DNA sugar ring protons vary as 
a function of pseudorotation angle or sugar pucker, it is possible 
to assign sugar geometries to each nucleotide on the basis of 
observed or absent scalar cross peaks between the sugar protons 
listed in Table IB. As an example, one strong indicator of 
difference in sugar geometry is the comparison of cross-peak 
intensity between protons of HI’ and H2” and HI’ and H2’, 
as shown for the bis(tomaymycin)-d(CICGAATTCICG), 
adduct (Figure 8). In the case of C2’-endo geometry for 
classical B-type DNA helices, strong scalar cross peaks be- 
tween protons of H l ’  and H2” and HI’ and H2’ are expected. 
Conversely for C3’-endo geometries, or A-type DNA helices, 
the J couplings of HI’ to H2’ are expected to be weak or 
absent. With this concept, the results show that, for most 
nucleotides in the 12-mer and the 12-mer adduct, the sugar 
geometries are mostly around or near C2’-endo or near 
01’-endo (Tables VI1 and VII I ) .  In the duplex 3C, ’T, and 
“C are exceptions, where the average C3’-endo sugar geometry 
of A-form helices predominates. Upon adduct formation of 
this duplex with tomaymycin, only a t  “C is the C3’-endo 
geometry still present. For nucleotides 3C and ’T, there is a 

Table VI:  Tomaymycin-Nucleotide Interproton Distances 
Determined in the Energy-Minimized Species Having I IS 
Stereochemistry with either a 3’ or 5’ Orientation 

orotonsa 
species Tb 12-mer distance (A) 
I IS. 3’ 13-CH3 to I O 1  H 2  3.59c 

H9 to H2 2.96 
H9 to 6A H2 6.03 
H l a  to H2 2.28 
H l b  to H2 2.64 

I IS, 5’ 13-CH3 to H2 3.82‘ 
H9 to IO1 H2 2.53 

For tomaymycin numbering, see Figure 2. bTomaymycin. 
‘Average for all three C-H bonds. 

(Figure 7B, arrow A). Confirmation of these NOEs was 
obtained by one-dimensional NOE difference experiments, and 
the critical assignments of adenine and inosine H2 protons were 
made by one-dimensional NOE difference experiments from 
imino protons (unpublished experiments). 

( D )  Molecular Modeling Studies on the 3’- and 5’-Oriented 
1 IS Adducts. Since the stereochemistry at the covalent 
linkage site had been unambiguously assigned by both 
fluorescence and proton NMR, just the 3’ and 5’ orientations 
were modeled with AMBER (Table VI) .  Of the two species 
modeled, only the tomaymycin adduct having the 3’ orientation 
gave nucleotide-drug interproton distances that were in accord 
with the one- and two-dimensional NOE experiments (Figures 
6B and 7B). For example, this species (3’ orientation, 1 IS 
stereochemistry) is predicted to have drug-nucleotide inter- 
molecular distances <4.0 A for the tomaymycin 13-CH3 to 
I O 1  H2, tomaymycin H9 to H2, and tomaymycin H l a  and 
H 1 b to I o I  H2. NOE cross peaks are evident for all four of 
these sets of protons (Figures 6B and 7B). In contrast, NOE 
cross peaks that are predicted for the 5’-oriented, 1 IS species 
in the NOESY spectrum (i.e., tomaymycin 1 3-CH3 to H2 
and tomaymycin H9 to 

( E )  Conclusions f rom Combined Fluorescence, N M R ,  and 
Molecular Modeling Studies. The fluorescence and COSY 
data provide independent evidence for the 1 IS stereochemistry 
at the covalent linkage site. One- and two-dimensional NOE 
data provide the necessary interproton drug-nucleotide cross 
peaks to assign the 3’ orientation of tomaymycin in the 12-mer 
duplex adduct. Therefore the species of tomaymycin bound 
to 4G in the 12-mer duplex adduct has an 1 IS stereochemical 
linkage to N2 of guanine, and the aromatic ring of tomaymycin 
lies to the 3’side of 4G. 

Assignments of Deoxynucleotide Proton and Phosphorus 
Resonances in the 12-mer Adduct and Effect of Tomaymycin 
Bonding on Backbone and Sugar Geometry of d(C1CGA- 
A TTCICG)2. ( A )  Two-Dimensional N O E S Y  Experiments. 
Parts A and B of Figure 6 show expanded contour plots of the 
phase-sensitive NOESY (250 ms) for the base and HI’ protons 
of d(CICGAATTCICG), in both the 12-mer duplex and 
bis(tomaymycin)- 12-mer adduct. The one-dimensional spectra 
are drawn above the plots to illustrate the ample resolution 
between the individual nucleotide resonances, which simplified 
the task of resonance assignments. As observed in these fig- 
ures, purine H8 and pyrimidine H6 protons exhibit NOEs to 
their own HI’ protons and to the HI’S of their 5’ neighbors, 
charateristic of a right-handed duplex (Hare et al., 1983; Reid, 
1987; Patel et al., 1987). With these connectivities established, 
assignments of the majority of the oligodeoxynucleotide sugar 
protons (except H5’s) can likewise be made by using NOE 
cross peaks between the base and other sugar protons (Table 
IB). These assignments are further confirmed with the com- 

H2) are absent. 

’ Wc iirc hesitant to place too much emphasis on the conclusions listed 
in  Tablcs VI1 and VIII.  As a referee correctly pointed out, our conclu- 
biens arc based upon qualitative trends in NOESY and COSY data sets. 
Until quantitative information is available, these should only be consid- 
crcd tentative. 
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Table VI  I :  Structural Information from the Relative IntensitiesD of COSYb and NOESYe Cross Peaks for d(C1GCAATTCICGL 
COSY, J coupling NOESY, NOE 

from H8/H6 to glycosidic H 1 ‘ with H3’ with 
inference, 

inference, - .  
base H 2” H 2’ angle 
‘C W S anti 
2 1  S S high anti 
’C W S anti 
4G 0 0 
5A 0 0 
6A 0 0 
7T S S high anti 
*T S S high anti 
9c M S anti 
’01 S S high anti 
“ C  W S anti 
I 2G S M high anti 

H 2” H 2’ H 2” H 2’ H3’ with H4‘ sugar pucker 
S S W S S 0 1 ’-endo 
0 (W) M A 0 (M) M C I ‘-ex0 
S W W 0 (M) 0 ( S )  C3’-endo 
S S A W W C3‘-exo 
M M A 0 (MI S 0 1 ’-endo 
0 (W) 0 (MI A M 0 (SI 01’-endo 
M W A M S C3‘-endo 
M W A M S 0 1 ’-endo 
S M A M S 0 1 ’-endo 
0 (M) 0 (M) A 0 (M) 0 (9 0 1 ’-endo 
S W A 0 (MI S C3‘-endo 
0 (M) S S W S 0 1 ’-endo 

“ A  = absent; W = weak; M = moderate; S = strong; 0 = overlapping. Partially resolved cross-peak intensities are placed in parentheses. 
Magnitude COSY and two-dimensional phase-sensitive double quantum filtered COSY cross peaks are examined. See Materials and Methods for 

details. PData from phase-sensitive two-dimensional NOESY experiments with mixing times of 50 and 100 ms. See Materials and Methods for 
details. 

Table VIII: Structural Information from the Relative Intensitieso of COSYb and NOESYe Cross Peaks for the 
Bis( tomaymycin)-d(CICGAATTCICG)2 Adduct 

COSY, J coupling 
inference, NOESY, NOE 

from H8/H6 to glycosidic HI’ with H3’ with 
base H 2” H2‘ angle H2” H 2’ H2” H2‘ H3’ with H4’ inference, sugar pucker 
IC A S anti S S A S S 01 ’-endo 
2 1  W S anti M S A W W C 1 ’-exo-CZ’-endo 
’C W S anti M S M W 0 6)  C I ’-ex0 
4G W S anti W M A A A C 1 ’-exo-C2’-endo 
5A (W) 0 ( S )  anti W M A W 0 (W) C1’-exo-01‘-endo 
6A W S anti W M A A 0 (M) C 1 ’-exo-0 1 ’-endo 
7T W S anti M M A W 0 (W)  C 1 ’-exo-0 1 ’-endo 
*T S S high anti 0 (M) M A W 0 (W) C I ’ - e x 0 4  1 ’-endo 
9c (W) M anti M A W 0 (MI 0 (W) 01‘-endo 
’01 0 0 0 0 A 0 
“ C  W S anti 0 (9 M A 0 0 (SI C3’-endo 
‘*G (SI M anti 0 6)  S S S S 0 1 ‘-endo 

a-c For footnotes, see Table VII. 

shift toward more B-like structure upon adduct formation. 
(C) Two-Dimensional Proton-Phosphorus J-Correlation 

Experiments. The majority of the phosphorus resonances in 
d(CICGAATTCICG)2 only undergo small changes in chem- 
ical shift upon covalent modification with tomaymycin. 
However, one phosphorus resonance is significantly shifted 
downfield from the others (compare parts A and B of Figure 
3). This result is reminiscent of previous work in our labo- 
ratory with covalent bonding of anthramycin to d(ATGCAT)* 
(Boyd et al., 1990). This observed downfield shift of the 
phosphorus resonance suggests a structural perturbation of the 
phosphate backbone as a result of covalent bonding. The 
contour plot of the phase-sensitive two-dimensional hetero- 
nuclear phosphorus-detected 31P-1H J-correlation experiment 
is shown in Figure 9. Cross peaks connect the downfield- 
shifted phosphorus resonance to the 3C H3’ and 4G H4’, in- 
dicating that the perturbation of the phosphate backbone is 
localized to the 5’ side of the drug covalent bonding site. 

Molecular Modeling of the Duplex and the Tomaymycin- 
Duplex Adduct. A 7-mer duplex [d(CICGAAT.ATTCICG)] 
containing a single tomaymycin bonding site (4G) and its 1 IS, 
3’-oriented tomaymycin-duplex adduct were energy minimized 
by using AMBER.  Of the 14 sugars in the 7-mer duplex, nine 
were calculated to be C2’-endo, two 01’-endo, and three 
C1’-exo. Exactly the same pattern was found for the 1 lS,  
3’-oriented tomaymycin-duplex adduct, except that it has a 
C1’-exo pucker for the 21 sugar rather than a CY-endo pucker. 
N o  significant differences were found in backbone dihedrals 
or torsional angles (x) involving base-sugar linkages. The 

energy for the base pair 4G-11C is -15.3 kcal/mol in the 
tomaymycin-duplex adduct, compared with -21.6 kcal/mol 
for the 7-mer duplex. This magnitude of decrease was found 
for the base pair where a covalent bond to N2 of guanine 
occurs in anthramycind(ATGCAT), (Boyd et al., 1990). No 
other significant differences were found for base-stacking 
energies. 

DISCUSSION 

Structure of the Bis(tomaymycin)-l2-mer Adduct. It has 
long been assumed on the basis of indirect evidence that the 
P( 1,4)Bs covalently bond via C-1 1 to the exocyclic 2-amino 
group of guanine on DNA as shown in Figure 1 (Kohn et al., 
1974; Hurley & Petrusek, 1979). However, it is only now 
through the results described in this paper that this has been 
unequivocally demonstrated. The proton NMR assignment 
of the 4G hydrogen-bonded amino proton (Figure 5C) was 
crucial for this conclusion. Because of the covalent linkage 
of the 4G amino nitrogen to (2-11 of tomaymycin, rotation of 
the remaining amino proton that forms one of the Watson- 
Crick hydrogen bonds between 4G and 9C is restricted, and 
consequently the normal rate of exchange with D 2 0  is dra- 
matically reduced. We are able to unambiguously assign by 
two-dimensional N MR experiments both the orientation 
(aromatic ring of tomaymycin to the 3’ side of 4G) and co- 
valent linkage stereochemistry (1  IS) of the tomaymycin 
molecule at the covalent attachment site to 4G of the duplex. 
Gratifyingly, the conclusion from the proton NMR mea- 
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FIGURE 8: Phase-sensitive double quantum filtered COSY expanded contour plot of the HI' to H2", H2' cross peaks for the bis(tomaymycin)-l2-mer 
adduct. Solid lines connect the downfield H2"s to intranucleotide H2's. 
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FIGURE 9: Expanded contour plot of the heteronuclear phospho- 
rus-detected phase-sensitive two dimensional 31P-1H J correlation of 
the bis(tomaymycin)-l2-mer adduct. Solid lines denote definitive 
assignments. Broken lines denote tentative assignments. 

surements concurs with the independent fluorescence assign- 
ment of stereochemistry at the covalent linkage site. This 
substantiates our previous more tentative correlations between 
fluorescence lifetimes and individual diastereomeric adducts. 
These were initially made on the basis of fluorescence and 
N M R  correlations of free tomaymycin in protic and aprotic 
solvents. Thus our previously tentative conclusion of a 65:35 
ratio of the ( 1  lS,l 1aS)- and (lIR,llaS)-tomaymycin dia- 
stereomers on calf thymus DNA (Barkley et al., 1986) and 

of an approximate 5050 ratio of the same diasteromers on 
d(ATGCAT)2 (Cheatham et al., 1988) is now on firm ground. 

The energy-minimized structure of the bis(t0maymycin)- 
d(CICGAATTCICG)2 adduct having the experimentally 
determined 1 IS stereochemistry and 3' orientation in the minor 
groove is shown in Figure I O .  An overlay of the d(CICG- 
AAT-ATTClCG) duplex and the 1 lS, 3'-oriented tomay- 
mycin-7-mer adduct is shown in Figure 11. Both figures 
predict minimal distortion of the duplex helix, which is in 
agreement with the analysis of the two-dimensional COSY 
and NOESY data (Tables VI1 and VIII). 

Effect of Tomaymycin Covalent Bonding on the Structure 
o fd (CICGAA 7'TCICC)2. Changes in chemical shifts of de- 
oxynucleotide protons that occur upon tomaymycin modifi- 
cation are mostly restricted to the minor groove in proximity 
to the drug overlap region, e.g., ''1 H2 and 4G H1' (see Table 
I ) .  These changes in chemical shifts may be in part due to 
tomaymycin shielding or deshielding effects. However, oli- 
gomer proton chemical shift changes may also reflect a change 
in nucleotide stacking geometries or a conformational transition 
(Patel et al., 1987). Two-dimensional spectroscopy results 
(Tables VI1 and VIII) confirm changes in the glycosidic angles 
and sugar geometries for the 12-mer after adduct formation. 
Comparison of J coupling in Tables VI1 and VI11 shows that 
two of the most substantial changes in sugar pucker occur at 
the sites of covalent attachment (4G) and at its 5'-side nu- 
cleotide (3C). While these inferences of sugar geometry do 
not rely on a quantitative measure of proton coupling constants, 
as for the case of the Dickerson dodecamer (Bax & Lerner, 
1988), they do accurately reflect the presence of different 
furanose geometries. The downfield-shifted 3C-4G phosphorus 
N M R  signal of the bis(tomaymycin) adduct (see Figures 3A,B 
and 9) also supports the proposed conformational changes at 
nucleotides 3C and 4G. 

A comparison was made of the pseudorotation angles of 
purine and pyrimidine nucleotides from the X-ray and 'H  
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FIGURE 10: Stereo drawing of 4G attached to tomaymycin showing the conformation obtained through minimization with AMBER (see Materials 
and Methods). 

s 

FIGURE 1 1 : Stereo drawing of the superimposed d(CICGAAT.ATTCICG) i n  orange and tomaymycin-d(C1CGAAT-ATTCICG) in magenta 
and yellow. 

N MR data of d(CGCGAATTCGCG), (Drew et al., 198 1 ; 
Bax & Lerner, 1988) and from our proton NMR data of 
d(CICGAATTCICG), and its bis(tomaymycin) adduct 
(supplementary material). A comparison of the X-ray-de- 
termined structure of the Dickerson dodecamer with the so- 
lution structure of the inosine-substituted oligomer shows a 
pseudorotation angle shift from classical B-type toward 
01’-endo. This is not without precedent (Chary et al., 1987) 
and may also be influenced by the substitution of I for G with 
the accompanying loss of one hydrogen bond for each sub- 
stitution. Upon formation of the bis(tomaymycin)-l2-mer 
adduct, the population of sugar geometries for the inosine- 
disubstituted 12-mer shifts back toward C2’-endo. Further- 
more, from this analysis, it appears that tomaymycin stabilizes 
a B-type helical structure after formation of the covalent 
adduct. Molecular modeling results show less change in sugar 
geometries of the duplex upon adduct formation, but there is 
generally agreement between the experimental and theoretical 
studies. 

Relationship between Sequence Selectivity and Apparent 
Distortion of DNA. It is intriguing that in the anthramy- 
cin-d(ATGCAT), adduct two phosphorus resonances are 
moved downfield (Boyd et al., 1990), while in  the tomaymy- 
cin-12-mer duplex adduct only one phosphorus resonance is 

moved downfield. One of these phosphates is common to both 
the adducts (i.e., that to the 5’ side of the covalently modified 
guanine) while the other is unique to the anthramycin adduct 
and is on the 3’ side of guanine on the noncovalently modified 
strand. If the downfield-shifted phosphorus resonance signals 
are associated with distortion of the DNA backbone, we can 
tentatively conclude that upon P( 1,4)B adduct formation the 
anthramycin-d(ATGCAT)2 adduct is more distorted than the 
bis(tomaymycin)-l2-mer adduct. This idea is further sup- 
ported by unpublished 31P NMR studies on anthramycin 
bound to an oligomer containing the covalent bonding sequence 
5’-AGA-3’. In this case downfield-shifted 31P resonance signals 
are not observed. Since this oligomer belongs to the most 
favored P( 1,4)B bonding sequence (5’-PuGPu), 31P NMR may 
be a sensitive tool to evaluate backbone distortion of DNA, 
as this relates to P( 1,4)B preferred sequence selectivity. This 
suggests a structural rationale for the experimentally deter- 
mined observation that 5’-PyGPu sequences (i.e., 5’-CGA in 
the 12-mer) are preferred bonding sites over 5’-PyGPy se- 
quences (Le., 5’-TGC in the 6-mer) (Hertzberg et al., 1986). 

Intermolecular Interactions Determining the Orientation 
and Stereochemistry of P( 1,4)Bs on Different Sequences. The 
phosphorus and proton NMR res@ show predominantly (i.e., 
>90%) one species ( 1  IS, 3’) of tomaymycin bound to the 
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Table IX: Patterns for Binding of Tomaymycin with Individual Residues on Polynucleotides“ 
confign 

residuesb oligonucleotide at  C-1 1 direction 
d( ATGC AT), S 3’ 5s 4s 4s 4c IOC lo,llp 11s “A 11.12p 12s 

5s 5s SA 4G IIC 11.12p 12s 121 12,13p 13s 

11s “A 12s 
d(CICGAAT.ATTCICG) S 3’ 6S 
d(ATGCAT)2 R 5‘ 5s 4.5p 4c 3G 1oc 
d(C ICGAAT*ATTCICG) R 5‘ 5.6p 4G ” C  1 2s 1 %  

“Only residues that bind to tomaymycin with an energy >-2.0 kcal/mol are included. Residues in CICGAAT.ATTCICG are shifted to one base 
higher than the corresponding ones in (ATGCAT)2 because of the covalent bonding into 4G in the former and 3G in the latter. bS = sugar. 

12-mer. This is in contrast to our previously reported results 
using the d(ATGCAT), duplex where two species (1 lS, 3’ and 
1 1  R ,  5’) of tomaymycin were bound in approximately equal 
amounts (Cheatham et al., 1988). Thus both the orientation 
in the minor groove and the stereochemistry of tomaymycin 
bound to DNA are a function of the immediate flanking se- 
quence. For the more preferred bonding sequence (5’-PyGPu) 
only one species is evident, while the less preferred sequence 
(5’-PyGPy) shows two species. The species having an 1 IS 
configuration and 3’ orientation is found on both sequences 
examined, but the second species having the opposite orien- 
tation and stereochemistry a t  C-11 could not be detected on 
the more preferred bonding sequence. While molecular 
modeling using AMBER is in accord with the experimentally 
determined species for both oligomers, there is a difference 
in terms of the preferred pairs of species that are predicted 
by modeling; Le., on d(ATGCAT),, the two most energetically 
favored species are the 1 lS,  3’-oriented and 1 IR, 5’-oriented 
adducts, which differ by 4 kcal/mol (Cheatham et al., 1988), 
whereas on the 12-mer the two favored species are the 1 IS, 
3’-oriented and 1 IS, 5’-oriented adducts, which differ by 2.9 
kcal/mol. 

The reason for this apparent discrepancy was addressed by 
examining the calculated interaction energies for tomaymycin 
and individual polynucleotide residues in each of the species 
listed in Table IX. Such analyses are complicated because 
the total binding energies reflect complex binding patterns and 
a wide distribution of differences in energies between individual 
residues. However, insight into the effects of binding patterns 
can be obtained by focusing on the most important 
interactions-i.e., those of -2.0 kcal/mol or greater energy. 
Table IX lists the binding patterns for the four species. The 
construction of this table reflects the increase of one in residue 
numbers in going from ATGCAT to CICGAAT, because of 
the location of the guanine residues (% or 4G, respectively) 
to which the covalent bond is formed. It is evident from this 
table that the two patterns for the 1 IS, 3’ binding modes are 
identical, except for the pair 3G-4G, where the interaction is 
less than -2.0 kcal/mol with d(ATGCAT),. Even in this case 
its value of -1.8 kcal/mol is, however, not much less than that 
of the corresponding interaction for d(CICGAATaATTC1CG) 
(-3.6 kcal/mol). A greater contrast occurs in the binding 
patterns of the two 1 lR ,  5’ modes. There are two more in- 
teractions between tomaymycin and the polynucleotide residues 
with d(ATGCAT), than with d(CICGAAT.ATTCICG). One 
of them involves a hydrogen bond, between HNlO of tomay- 
mycin and N3  of “A, of 1.09-A length and -5.4 kcal/mol 
energy. The other is less significant (-2.1 kcal/mol). There 
is also an unfavorable interaction of +1.7 kcal/mol between 
0 4  of tomaymycin and 03’  of 12J3P in the d(C1CGAAT- 
ATTCICG) sequence. (The 03 ’  oxygen atom of a sugar is 
usually considered part of the phosphate to which it also is 
bonded in AMBER analysis.) This interaction does not occur 
in the adduct with d(ATGCAT),. These factors combine to 
disfavor the 1 1  R,  5’ mode for the d(C1CGAAT-ATTCICG) 
sequence as is evident in its relatively poor net binding energy 

(-10.0 kcal/mol) compared with that of the 1 IS, 3’ mode 
(-2 1.2 kcal/mol, Table 111). The total distortion energies of 
these two modes differ by only 3.7 kcal/mol, which means that 
binding energies are more important than distortion energies 
in favoring the 1 IS, 3’ mode on d(CICGAATeATTC1CG). 
Comparable net binding energies for the tomaymycin-d- 
(ATGCAT), adducts are -1 7.9 kcal/mol for the 1 IS, 3’ mode 
and -21.9 kcal/mol for the 1 1  R ,  5’ mode. The resulting 
relatively small difference is consistent with the existence of 
both binding modes (Cheatham et al., 1988). 

In contrast to tomaymycin, when anthramycin is bound to 
d(ATGCAT),, only one species of adduct is observed by NMR 
(Boyd et al., 1990). Solely on the basis of a proton NMR 
study we could unambiguously assign the 3’ orientation. 
However, we could not unambiguously differentiate between 
the 1 1 R or 1 IS species bound to this oligomer, because mo- 
lecular modeling using AMBER predicted scalar coupling be- 
tween protons at C-l  l and C-l  l a  for both species. On the 
basis of energy minimization calculations and interproton cross 
peaks in the NOESY spectrum, a strong case could be made 
for I IS species6 A major difference for the bis(tomaymy- 
cin)-l2-mer adduct from the anthramycin-d(ATGCAT), 
adduct is the contribution of hydrogen bonding to stabilization 
of the anthramycin 1 IS, 3’-oriented species. In  the anthra- 
mycin-d(ATGCAT), adduct three hydrogen bonds were 
identified between the drug and DNA, whereas in the to- 
maymycin species bound to 5’-CGA the interactions are of 
the non-hydrogen-bonding varieties. We are presently ad- 
dressing the question of which molecular interactions between 
DNA and tomaymycin give rise to the hierarchy of preferred 
bonding sequences. Thus a comparison of the results of 
bonding anthramycin or tomaymycin to d(ATGCAT), and 
tomaymycin to the 12-mer leads us to conclude that the 
orientation and stereochemistry of the drug species bound to 
DNA are not only dependent upon sequence but also de- 
pendent upon the structure of the P( 1,4)B antibiotic. 

Biochemical and Biological Implications. The relatively 
nondistortive nature of the P( 1,4)B-DNA adducts shown in 
this study and a previous one (Boyd et al., 1990), coupled with 
the absence of apparent significant changes in electronic or 
tautomeric characteristics of the covalently modified guanine, 
raises important questions on how the P( 1,4)B-DNA adducts 
are recognized by repair enzymes. The UVRABC nuclease 
incision repair complex is able to recognize the anthramy- 
cin-DNA adduct and apparently incise both 3’ and 5’ sides 

The I IS, 3’ species of the anthramycin-d(ATGCAT), adduct is 
favored by about 21 kcal/mol in net binding energies over the 1 IR, 3’ 
species. The present study on the bis(tomaymycin)-l2-mer adduct 
demonstrates that the 1 IS and 3’-oriented species has a characteristic 
downfield shift of the proton at  C-11 of the P(1,4)B; i.e., this proton is 
shifted downfield 0.9 ppm relative to the unbound drug. Since such a 
large downfield shift is uniquely associated with the 1 IS species, we 
tentatively conclude that the stereochemistry of the species of anthra- 
mycin bound to d(ATGCAT), is also the 1 IS, since in the anthramy- 
cin-d(ATGCAT), this same resonance signal was also shifted downfield 
by 1.04 ppm. 
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of DNA-flanking lesions (Walter et al., 1988). We know from 
the results reported in this and previous NMR studies on 
tomaymycin that the stereochemistry at the covalent linkage 
site and orientation in the minor groove are dependent upon 
the immediate bonding sequence. This is also true for an- 
thramycin, since on d(GAAGAACCTTCTTG) two anthra- 
mycin adducts are formed (Boyd, unpublished results). Such 
observations complicate the overall picture for repair recog- 
nition of P( 1,4)B-DNA adducts, but these factors must be 
taken into account if we are to fully understand DNA repair 
recognition processes. 

I n  both yeast and human cells anthramycin produces dou- 
ble-strand breaks (Hannan & Hurley, 1978; Petrusek et al.. 
1982). I n  human cells both the single- and double-strand 
breaks are persistent and are repair dependent, since in XP 
cells neither single- nor double-strand breaks are detected. 
This observation coupled with the more recent data on the 
nondistortive nature of the P( 1,4)B adducts raises important 
questions about whether or not repair incision always takes 
place on the covalently modified strand. 
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CONCLUSIONS 

( I )  This study provides the first unequivocal evidence for 
a covalent adduct between C-  1 1 of a P( 1,4)B and the exocyclic 
2-amino group of guanine. (2) The species of tomaymycin 
bound to 5’-CGA has an 11s stereochemistry and is oriented 
with the aromatic ring to the 3’side of guanine. (3) The 
minimal distortion produced upon covalent bonding is re- 
stricted to the deoxyribose at  the covalently modified guanine 
and the immediate 3’-phosphate and deoxyribose. (4) To- 
maymycin appears to stabilize a B-type helical structure. (5) 
The orientation of a P( 1,4)B on DNA and the stereochemistry 
at  the covalent linkage site are dependent upon both the im- 
mediate surrounding sequence and the drug structure. (6) 
Molecular modeling using AMBER is predictive of the orien- 
tation and stereochemistry of the P( 1,4)Bs on oligodeoxy- 
nucleotides and is capable of defining the molecular interac- 
tions that favor the different species on various oligomers. 
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Figure SI showing the proton NMR spectrum and two- 
dimensional magnitude COSY of the inosine-disubstituted 
12-mer and Figure S2 showing a comparison of the experi- 
mentally derived sugar pseudorotation angles for the purine 
and pyrimidine deoxynucleotides in d(CGCGAATTCGCG), 
from X-ray and ‘H NMR data (4 pages). Ordering infor- 
mation is given on any current masthead page. 

REFERENCES 

Arima, K., Kohsaka, M., Tamura, G., Imanaka, M., & Sakai, 
M. (1972) J .  Antibiot. 24, 437-44J.. 

Arora, S. (1981) J .  Antibiot. 34, 462-464. 
Barkley, M. D., Cheatham, S., Thurston, D. E., & Hurley, 

Bax, A., & Sarkar, S. K. (1984) J .  Magn. Reson. 60, 170-176. 
Bax, A., & Lerner, L. (1988) J .  Magn. Reson. 79,429-443. 
Boyd, F. L., Cheatham, S. F., Remers, W., Hill, G. C., & 

L. H. (1986) Biochemistry 25, 3021-3031. 

Hurley, L. H. (1990) J .  Am. Chem. SOC. (in press). 



Biochemistry 1990, 29, 2403-2408 2403 

J .  Am. Chem. SOC. 106, 765-784. 2, 287-303. 
Weiner, S. J . ,  Kollman, P. A., Case, D., Singh, U. C., Ghio, Zakrzewska, K., & Pullman, B. (1986) J .  Biomol. Struct. Dyn. 

C., Alagona, G., Profeta, S., Jr., & Weiner, P. K. (1984) 4 ,  127-136. 

pH-Induced Denaturation of Proteins: A Single Salt Bridge Contributes 3-5 
kcal/mol to the Free Energy of Folding of T4 Lysozyme 

D. Eric Anderson, Wayne J. Becktel, and F.. W. Dahlquist* 
Institute of Molecular Biology and Department of Chemistry, University of Oregon, Eugene, Oregon 97403 

Received August 29, 1989; Revised Manuscript Received November I ,  I989 

ABSTRACT: The energetics of a salt bridge formed between the side chains of aspartic acid 70 (Asp70) and 
histidine 3 1 (His3 1) of T 4  lysozyme have been examined by nuclear magnetic resonance techniques. The 
pK, values of the residues in the native state are  perturbed from their values in the unfolded protein such 
that His31 has a pK, value of 9.1 in the native state and 6.8 in the unfolded state a t  10 OC in moderate 
salt. Similarly, the aspartate pK, is shifted to a value of about 0.5 in the native state from its value of 3.5-4.0 
in the unfolded state. These shifts in pK, show that the salt bridge is stabilized 3-5 kcal/mol. This implies 
that the salt bridge stabilizes the native state by 3-5 kcal/mol as compared to the unfolded state. This 
is reflected in the thermodynamic stability of mutants of the protein in which Asp70, His3 1, or both are 
replaced by asparagine. These observations and consideration of the thermodynamic coupling of protonation 
state to folding of proteins suggest a mechanism of acid denaturation in which the unfolded state is pro- 
gressively stabilized by protonation of its acid residues as pH is lowered below pH 4. The unfolded state 
is stabilized only if acidic groups in the folded state have lower pK, values than in the unfolded state. When 
the pH is sufficiently low, the acid groups of both the native and unfolded states are fully protonated, and 
the apparent unfolding equilibrium constant becomes pH independent. Similar arguments apply to base- 
induced unfolding. These observations suggest that the electrostatic contribution of each ionizable group 
to the stability of the folded state can be directly assessed by simply measuring its apparent pK, by NMR 
or other methods. 

%e pH dependence of the thermodynamic stability of pro- 
teins has long been of interest to biochemists. Linderstrom- 
Lang (1924) was one of the first to suggest a plausible reason 
for the lowered stability of proteins at extremes of pH. In this 
view, the stability was determined by electrostatic interactions 
in the native, folded state of a protein. For example, at acidic 
pH, the decreased stability would be the result of unfavorable 
electrostatic interactions introduced by the increase in positive 
charge on a protein. Similar arguments accounted for the 
decrease in stability observed in highly basic solutions due to 
repulsion of negative charges. The theory predicted maximum 
stability at or near the isoelectric point of the protein where 
the net charge is zero. This model has been extended to include 
more detailed considerations of charge-charge interactions of 
the native state (Matthews & Gurd, 1986). 

A number of proteins, with acidic or basic isoelectric points, 
are observed to have maximal thermodynamic stability near 
neutrality. This observation suggests that considerations in 
addition to overall charge are important in determining the 
contribution of ionizable groups to the overall folding energy 
of globular proteins. For example, the lysozyme produced by 
the bacteriophage T4 is a rather basic protein with an isoe- 
lectric point above pH I O  yet is most stable near pH 5. This 
genetically manipulable, 164-residue protein without disulfide 
bonds has been the object of intense structural [Matthews & 
Remington, 1974; Matsumura et al. (1988) and Nicholson et 
al. (1 988) and references cited therein], thermodynamic 
(Hawkes et al., 1984; Becktel & Baase, 1987; Becktel & 
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Schellman, 1987), and spectroscopic (McIntosh et al., 1987a,b) 
investigation and provides an excellent model protein in which 
to study interactions between ionizable residues and protein 
stability. 

MATERIALS AND METHODS 
Site-directed mutagenesis (Zoeller & Smith, 1983) was 

performed essentially as described by Kunkel (1 985) on M 13 
single-strand DNA containing a derivative of the T4 lysozyme 
gene in which codons for cysteine residues 54 and 97 had been 
changed to encode threonine and alanine, respectively 
[Matsumara et al. (1988) and references cited therein]. 
Directed mutations were H31N, D70E, D70N, and H31N/ 
D70N. Mutations were confirmed by chain-termination di- 
deoxy sequencing (Sanger et al., 1977). T4 lysozyme was 
produced and specifically enriched in [4-13C]a~partic acid 
(99% Merck Sharp & Dohme of Canada) according to an 
approach described elsewhere (Muchmore et al., 1989). 
Reversible unfolding of T4 lysozymes was monitored with the 
change in dichroism at 223 nm, as has been described (Elwell 
& Schellman, 1977; Becktel & Baase, 1987). 

For histidine titrations of the folded state, the protein was 
transferred to a D 2 0  buffer of 10 mM D3P04 and 10 mM 
KCI, heated to 55 OC for 0.5 h, and slowly cooled. This 
treatment reversibly unfolds the protein and allows rapid ex- 
change of all amide protons by deuterons. After refolding, 
the protein retains its enzymatic activity and appears to be 
otherwise identical with the native protein before exchange. 

All titrations and pH measurements were performed at 10 
OC. Proton NMR measurements of the pH dependence of 
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