Vol. 164, No. 1, 1989 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
October 16, 1989 Pages 88-93

OBSERVATION OF ARGINYL-DEOXYOLIGONUCLEQTIDE INTERACTIONS
IN Tag1 ENDONUCLEASE BY DETECTION OF SPECIFIC 'H NMR SIGNALS
FROM 140kD [Nn1, Nn2, 15N Arg)Tag VOLIGOMER COMPLEXES

John Glushka®, Francis Barany®, and David Cowburn®

2The Rockefeller University, 1230 York Ave, N.Y,, N.Y,10021
bDept. of Microbiology, Hearst Microbiology Research Center, Cornell University Medical College, N.Y., N.Y., 10021

Received August 14, 1989

Proton and nitrogen signals of the guanidinium amines in [Nn1, Nn2 N Arg]Taq] endonuclease were observed
using isotope filtered experiments and proton detected '11{**N} heterocorrelated two dimensional NMR Spectros-
copy. These rapidly exchanging protons could be detected in the free enzyme only at pH 4.5; at pH 8.5, no sig-
nals were measured after extensive signal averaging. Addition of deoxyribonucleotide oligomers resuited in the
appearance of two groups of signa%s at about 6.8 and 7.5 ppm. Since these signals are independent of the pres-
ence of cognate sequence or Mg~', it is assumed they represent nonspecific arginyl-DNA interactions. This
labeling/NMR approach provides a new method for investigating the role of arginine in protein-DNA interac-
tions. © 1989 Academic Press, Inc.

Restriction endonucleases are specialized DNA binding proteins that recognize and cleave only their
canonical sequence (1). DNA sequence recognition, as well as non-specific DNA binding, can be mediated by
ionic contacts to the phosphate backbone (2,3), hydrogen bonds to the major groove (4), and numerous polar
and hydrophobic interactions across a large protein/DNA surface. Crystallographic studies of an EcoRI-DNA
complex suggest that sequence specificity is mediated by 12 hydrogen bonds. For each subunit, Argzoo forms
two hydrogen bonds with guanine while Arg145 forms two hydrogen bonds with adjacent adenine residues (4).
In contrast, for example, the crystal structure of the irp repressor/operator complex suggests specificity is medi-
ated via multiple direct hydrogen bonds to the DNA phosphate backbone, as well as solvent mediated bonds to
the bases (5). Taql endonuclease recognizes its canonical sequence, TCGA, and upon addition of Mg2+ cofactor
cleaves both strands prior to dissociating (6,7). Based on ‘star’ site cleavage preferences, one of us has pro-
posed that the sequence discrimination is mediated by eight hydrogen bonds formed between Taql and the cog-
nate nucleotides within the major groove (8). In addition, ethylation inhibition of Taql cleavage suggests that
contacts are made to each phosphate within the canonical sequence (9). Although the residues involved in
sequence recognition and DNA binding by Tagl are not known, arginine and lysine are suitable candidates as
hydrogen bond donors. As part of an investigation to determine the functional regions and sequence specificity

of Taq1 endonuclease, NMR studies of arginyl residues were initiated.

The detection of the signals from arginyl guanidinium groups is challenging, owing to the exchange
broadening of these protons (10), as well as the line broadening from the short transverse relaxation times of the
high molecular weight protein-DNA complex. *N isotope labelling and use of isotope-filtered experiments (11)
can select the signals of interest out of the background of amide and aromatic protons, and differentiate between

the protein and the oligodeoxynucleotides.

0006-291X/89 $1.50
Copyright © 1989 by Academic Press, Inc.
All rights of reproduction in any form reserved. 88



Vol. 164, No. 1, 1989 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

Materials and Methods

Sample Preparation. [NN1, Nn2 N Arg]Taq] endonuclease was purified from a strain of E. Coli,
RR1[pFBLT88], which overproduces the endonuclease to 30% of soluble protein (12). RR1[pFBLT88] cells
were induced by overnight growth in 2 liters 0.2 mM phosphate-MOPS medium containing 0.01% w/v
INN1,Nn2 NJArg (13}, 0.01% w/v of the other 19 (unlabeled) amino acids, and 50 pg/mi ampicillin. Cells
were harvested and sonicated, and Taql was purified on a phosphocellulose column and concentrated by
ammonium sulfate precipitation as described (12). Analysis of purified endonuclease by 0.1% SDS-12%
polyacrylamide gel electrophoresis showed a single band migrating at 33 kDa, in agreement with the revised
nucleotide sequence of Taql endonuclease (14). The endonuclease elutes from a sizing column as a tetramer
and is active both as a tetramer and dimer. The protein solutions used for NMR studies were 12 mg/ml (approx-
imately 370 uM) dialyzed against either 20 mM sodium acetate, 1 mM EDTA, and 0.01% sodium azide at
pH 4.5, or 20 mM Tris-SO, buffer and 0.5 mM EDTA at pH 8.5. NMR samples were made from 0.4 m! of
these solutions plus 0.04 mf of D,0. Oligodeoxynucleotides were a generous gift from Ira Schildkraut of New
England Biolabs® Inc. (15). For the preparation of DNA-Taql complexes, 0.4 ml of protein solution were
added to 1 mg, 0.13 umoles, of DNA linker, to give a molar ratio of 0.29 for protein tetramer to double strand
oligodeoxynucleotide. Mg“" was introduced by adding pl amounts of a 100 mM solution of MgSO , to the
NMR sample.

NMR. All spectra were run on a GE GNSOO spectrometer at 500 MHz, using Smm probes provided by
Cryomagnetics, Inc. or GE-NMRI. The one dimensional spectra were obtained with an N filtered one pulse
sequence (16,17). Typically a Redfield 214 'H selective pulse was used in order to avoid excitation of the
water signal (18). The short transverse relaxation time of the complex required shortening the 1/2J delay to
2.5 ms, and restricted the use of additional delays for "*N proton refocussing and decoupling. Most spectra were
acquired as antiphase signals coupled by IJ(N—H), though in some cases, in-phase absorptive peaks could be
obtained with an isotope filtered 1-1 refocussed sequence (19). In this case the delay was set to 1.5 ms, Typi-
cally, signals for the pH 4.5 sample were obtained with 1000-4000 scans. The pH 8.5 complex required 20,000
to 60,000 scans for adequate signal to noise, and so two-dimensional heterocorrelated spectra were impractical.
One-dimensional data was processed with line broadening of 20 Hz. Because of the line widths (approximately
100 Hz at half height) and the low signal to noise ratio, spectra obtained with the non-refocussed pulse sequence
could not be be readily phased to reveal distinct antiphase doublets. Therefore, for analysis, the spectra were
phase adjusted to provide the lineshapes displayed in Figure 2, or a magnitude calculation was performed to esti-
mate integrated intensities. The refocussed spectra obtained with the 1-1 pulse sequence were phased normally
to give absorptive peaks (Figure 1). The two-dimensional 'H{**N} heterocorrelated spectrum (Figure 3) was
obtained using the pulse sequence of Bax et al (20). A 214 'H selective pulse was used as the primary proton
pulse, and the phase cycling provided zero quantum signals in ¢ . The 2048 x 64 matrix was processed with a
gaussian in ¢, and exponential line broadening and zero filling in t toa final size of 2048 x 256. The spectrum
is displayed in the absolute value mode.

Results and Discussion

At pH 4.5, the N filtered one-dimensional spectrum (Figure 1b) shows a broad signal at 6.7 ppm.
corresponding to typical arginyl guanidinium amine proton chemical shifts of 6.63 ppm at pH 3 (21). The
I.I(N-H) coupling is obscured due to the overlapping broad peaks. Upon cooling to 5°C, the signal splits into two
peaks at 7.0 ppm and 6.5 ppm (data not shown), corresponding to the protons on each Nn amino group (22,23).
Although it is not possible to accurately estimate the integrated intensities of the arginyl resonances, the values
obtained (10 - 30% of the theoretical value) indicate that most of the guanidinium amino protons are represented

by the observed signal.

The 2D "H{'*N} heterocorrelated spectrum (Figure 3) shows a peak at 6.7 ppm from TSP for the 'H sig-
nal and 70 ppm from NH3 for the °N signal. The nitrogen chemical shift is in agreement with the expected
value of 74 ppm that was observed for the guanidinium Nn1 and Nn2 nitrogens at pH less than 12 and tempera-
tures above 4°C, in DMSO/H,O mixtures (24,25,26). The 4 ppm difference is most likely due to the solvent,
an effect which is also observed for amide nitrogens (27). Processing for increased resolution gives some fine
structure and peak dimensions that roughly corresponds to the 90 Hz one bond coupling. Individual arginy! resi-

dues were not, however, identifiable.

89



Vol. 164, No. 1, 1989 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

At pH 8.5, no signals are observed in the filtered one-dimensional spectrum after extensive signal averag-
ing, as might be expected from the rapid exchange rate of these protons in the free amino acid. There are no
reported signals from arginyl residues at this pH in other proteins, although signals in E. Coli Adenylate Kinase
were observed at pH 8 (28), and tentatively identified in ferrodoxin at pH 5.7 (29). Arginyl residues in Tagl

involved in internal hydrogen bonding are not observable under these conditions.

When Xhol linker, d(CCGCTCGAGCGG) containing the TCGA canonical binding site was added, two
groups of signals could be observed (Figure 2a) in the phase adjusted non-refocussed spectrum (see Materials
and Methods). The upfield signal at 6.8 ppm is similar in chemical shift to that obtained with free arginine and
also from the °N labeled Taql at pH 4.5. The downfield signal at 7.5 ppm has approximately 30% of the
upfield signal intensity. The combined intensity of these signals is 20 to 30% of the signal at pH 4.5. Variation
in peak intensity due to proton exchange and other factors, coupled with the low signal to noise and phase dis-

tortions make it difficult to interpret these values in terms of number of residues participating.

(a) Taql pH 8.5 + Xhol

(a) Tagl pH 8.5 'H

(b) Tagl pH 8.5 + HindIll

(b) Tagl pH 4.5 'H{*’N}
RVAVAA AN

(c) Tagl pH 8.5 + BamHI (c) Tagl pH 8.5 + BamHI
Iy {15N}
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Figure 1: Downfield region of 'H NMR spectra of [N1, N42 "N ArglTag1 endonuclease, 0.4 mM in
90%H,0/10%D,0 at 25°C. The pH and presence of oligodeoxynucleotides is indicated. Spectrum (a)
was acquired using a 1-1 refocussed pulse sequence with 1024 scans and 3 Hz exponential line
broadening applied; (b) represents 8000 scans of a similar sequence with 15N isotope filtering; 20 Hz
exponential line broadening was used. The *N filtered spectrum (c) represents 29,000 scans with line
broadening of 30 Hz. The spectra are not scaled.

Figure 2: Downfield region of '’N filtered H NMR spectra of [Nn1, Nii2 1SN Arg]Taql endonuclease,
0.4 mM in 90%H,0/10%D,0. Samples were at pH 8.5 with the linker indicated. The pulse sequence
used a Redfield 214 selective pulse and had no refocussing delay; the resonances were phase adjusted

for presentation purposes only, and do not represent true gaussian shaped peaks. ( see Materials and
Methods)
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Figure 3: 'H{"*N} HMP spectrum of [Nn1, Nn2 "N Arg]Tag] endonuclease, 0.4 mM, pH 4.5 in 90%
H,0/10%D,0 taken at 50°C. A 4096 x 64 matrix was collected, with spectral width of 8000 Hz in t,
and 66667 Hz in ¢ . A gaussian function was applied to ¢, and exponential line broadening was ap-
plied to ¢, followe& by zero filling to 256 points. The spectrum is displayed in absolute value mode.
The N tlrequency corresponds to 70 ppm relative to liquid NH,.

Similar results were obtained from addition of HindIIl (Figure 1b) and BamHI linker (Figure 1c¢), with
sequences d(CCCAGCTTGGG) and d(CGCGGATCCGCG), respectively. That is, the same two peaks were
observed at 6.8 ppm and 7.5 ppm, in approximately the same intensity ratio. The refocussed, decoupled spec-
trum of Tag1 plus BamHI linker shows the same main features with additional intensity in the region of 6.8 to

7.5 ppm (Figure 1c).

The appearance of signals in the complex at this pH demonstrates that solvent exchange rates of the
guanidinium protons have been significantly lowered, by restricted access to the solvent and/or hydrogen bond-
ing. The chemical shift distribution may thus arise from heterogeneity of the environments of separate residues.
or may arise from the distinct Hn11, 'Hn12, 'Hn21 and 'Hn22 protons in conformationally restricted arginyl
side chains. It has been observed in arginyl containing peptides that the guanidinium protons shifted downfield,
when hydrogen bonded to carboxylate groups (30,31). It has also been observed that the interaction between
guanidinium groups of Staphylococcus nuclease and thymidine 3’5’-diphosphate, as well as between methyl-
guanidinium ions and phosphate ions, favours two hydrogen bonds involving the Ne and one N1 amino
group,(32), an arrangement that would restrict rotation about the Ne-C{ bond, and possibly lead to chemical
shift dispersion as seen at low temperature. Preliminary temperature studies were therefore initiated with the
Taql-oligomer complexes (data not shown). Between 25 and 40°C, the general peak pattern does not change
significantly. However, on cooling to 5°C the signal at 6.8 ppm differentiates into two peaks as was observed
for the Tag1 sample at pH 4, and most likely represents freely rotating arginyl groups at 25°C. The signal at 7.5

ppm, however is no longer clearly discernible above the noise at the lower temperature. It is therefore not yet
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established whether this peak also represents an averaged resonance of the protons on both N1 and Nm2 groups

in a different environment, or represents one Nn amino group in a hydrogen bonded residue.

These results suggest that the peaks observed are a result of nonspecific interactions between arginyl side
chains and the phosphate or sugar groups of the oligodeoxynucleotides. This conclusion was further supported
by addition of MgSO4 to some samples of Tagl-DNA complex. This was expected to initiate cleavage, which
would be indicated by a loss of signals or chemical shift changes, if specific hydrogen bonds were broken after
dissociating. No loss of signal was observed for samples up to 3 mM concentration of Mg2+. At higher concen-
trations of the cation, signal intensity was reduced eventually to base noise levels, but this was accompanied by
sample precipitation. However, we cannot rule out the possiblity that some signal results from a specific
interaction in the major groove, where solvent accessiblity to arginyl side chain protons is reduced when the

endonuclease binds either canonical or noncanonical DNA.

From an NMR technical view, the data presented confirm that meaningful information can be obtained
from protein-DNA complexes of 140 kDa, where the J(N-H) value is on the order of the linewidth (33). With
the benefit of less protein aggregation, greater sensitivity and other improvements, further investigation will

determine to what extent the observed arginyl signals derive from direct protein-DNA contacts, or from changes

in the conformation of the protein.
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