8846 Biochemistry1996, 35, 8846-8854

Chiral Phosphorothioates as Probes of Protein Interactions with Individual DNA
Phosphoryl Oxygens: Essential Interaction€EetR|I Endonuclease with the
Phosphate at pPGAATTC

Michael R. Kurpiewski, Maria Koziolkiewicz? Andrzej Wilk § Wojciech J. Steé,and Linda Jen-Jacobsoh*

Department of Biological Sciences, Wearsity of Pittsburgh, Pittsburgh, Pennsghia 15260, and Department of Bioorganic
Chemistry, Centre of Molecular and Macromolecular Studies, Polish Academy of Sciences, Lodz, Poland

Receied February 2, 1996; Résed Manuscript Receed April 26, 1996

ABSTRACT. The contact betweeicaRl endonuclease and the “primary clamp” phosphate of its recognition
site pPGAATTC is absolutely required for recognition of the canonical and all variant DNA sites. We
have probed this contact using oligonucleotides containing single stereospdgific 6r (Sp)—
phosphorothioates (Ps). At the GAARTC position, where the endonuclease interacts with only one
phosphoryl oxygen at the central DNA kinRp-Ps inhibits andS-Ps stimulates binding and cleavage
[Lesseret al. (1992) J. Biol. Chem. 26,724810-24818]; in contrast, at theGAATTC position both
diastereomers inhibit binding. For single-strand substitution, the penalty in binding free eN&G()

is slightly greater forS-Ps (0.9 kcal/mol) than forRe-Ps (0.7 kcal/mol). Binding penalties are
approximately additive for double-strand substituti®a,Re-Ps or$,S-Ps). Neither Ps diastereomer in

one DNA strand affects the first-order rate constants for cleavage in the unmodified DNA strand, and
only S-Ps inhibits the cleavage rate constant (3-fold) in the modified DNA strand. Thus, the second-
order cleavage rate (including binding and catalysis) is inhibited 14-fol&s and 45-fold by, S

Ps. Inthe canonical complex, the phosphate@GRAATTC is completely surrounded by protein and each
nonbridging phosphoryl oxygen receives two hydrogen bonds from the endonuclease, such that in either
orientation the increased bond length of & inhibits binding. However, the pr& oxygen interacts

with residues that are connected (by proximity or inter-side-chain hydrogen bonding) to side chains with
essential roles in catalysis, so cleavage is preferentially inhibited when these side chains are slightly
displaced by the&s-Ps diastereomer.

The contacts between sequence-specific DNA binding “clamp” contactspNpGAApTTC are indispensable to rec-
proteins and the phosphates of the DNA backbone were atognition of the canonical base sequence because they anchor
one time considered to make only nonspecific (Coulombic) and orient the protein recognition helices within the major
contributions to binding free energy. More recent evidence groove (Rosenberg, 1991; Kimt al, 1996) and stabilize
from both crystallographic (Aggarwat al., 1988; Otwi- the kinked DNA conformation (Kinet al, 1994; Kumaret
nowskiet al, 1988; Rosenberg, 1991; Beamer & Pabo, 1992; al., 1994) in the complex. A set of weaker phosphate
Ellenbergekt al,, 1992; Klemmet al,, 1994; Kim & Burley, contacts, which include those at the scissilpABTTC
1994) and biochemical studies (Lesstral, 1990, 1992) bonds, contribute nonspecifically to binding free energy.
has indicated that the protetphosphate contacts are often  The “supplementary clamp” contacts pNGAAPTTC
mediated by hydrogen bonds from polypeptide main chain show characteristic changes in ethylation interference when
amide groups and/or polar side chains, and make significantthe endonuclease interacts with any site containing one
contributions to the specificity of the prote#DNA interac- incorrect base-pair (Less@t al, 1990) or a methylated
tion. adenine. This alteration of the supplementary clamp contacts

We have been using thécoRl endonuclease to dissect is associated with “adaptive” structural changes in the
the roles of individual proteinphosphate contacts in rec- proteir—DNA complex (Lesseet al, 1990; Jen-Jacobson,
ognition of the canonical GAATTC site and in discrimination 1995) that have been confirmed crystallographically (Wil-
against related DNA sequences. Ethylation interference kosz, 1993) and makes a significant contribution to the
(Beckeret al, 1988; Lesseet al, 1990, 1992) and UV  energy differential for sequence discrimination (Leseal,
photofootprinting (Beckeet al, 1988) experiments showed 1990). By contrast, the “primary clamps” apSAATTC,
that only six symmetry-related phosphates (three per strand)completely surrounded by tightly constrained contacts from
are crucial toEcaRI endonuclease specificity. These key the endonuclease (Rosenberg, 1991; kimal, 1996), are

absolutely required for any localized binding at GAATTC
, and closely related sites; their absence is the signature of
T This work was supported by Grants GM-29207 and NH1R03

TW00441 (FIRCA) from the National Institutes of Health. nonspecific (catalytically incompetent) complexes (Lesser
* Author to whom correspondence and reprint requests should be &l-, 1990; Jen-Jacobson, 1995).
addressed. Tel: 412-624-4969. Fax: 412-624-4759. E-mail: LJEN@ Ethylation interference analysis has proven invaluable in
meucr']?\'/‘é'rt;'ifdg'f Pittsburah identifying these crucial phosphate contacts and their altered
5 Polish Aé’ademy of S?:iénces. roles in variant complexes, but the all-or-nothing effect on
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Table 1: Energetics dEcoRl Endonuclease Binding to Phosphorothioate Sites

KaD AAGbing © kg d -AAGogH e
Sequence? Ml keal/mol secl keal/mol
TCGCAGAATTCTGCCGG "] 0 -4 0
Ao 3.3(20.4)x10 4.0(£0.7)x10
Rp-TCGCApgGARTTCTGCCGG 1.1($0.1)x10° +0.7 0.1 | 1.40.1)x103 +0.7 £0.1
GCGT _CTTAAGACGGCCT
Sp-TCGCApgGAATTCTGCCGG 7.0(20.3)x108 +0.9 10.1  |22¢20.3)x103 +1.0 0.1
GCGT CTTAAGACGGCCT
Rp-TCGCApPgGAATTC  TGCCGG 2.9(+0.3)x 108 +1.4 £0.1 4.3(20.7)x10-3 +1.4 20.1
GCGT CTTAAGpgACGGCCT-Rp
SprTCGCApgGAATTIC ~TGCCGG 2.2(0.3)x108 +1.6 201 |73@1.7)x10-3 +1.7 +0.2
GCGT CTTAAGpgACGGCCT-Sp

a0nly one orientation of a site with a single Ps substitution (Figure 1) is shown, but both orientations were tested for eédefusiitarium
association constanté, are expressed as moles of duplex 17-nt oligomer and endonuclease dimers as the active species. Kafoedaoth
orientations were in close agreement; meanstandard deviations of six determinations are shown. The binding buffer was 0.01 M bis-tris-
propane, pH 7.5, 0.15 M NaCl, 1@@/mL bovine serum albumin, andBM dithiothreitol (pH 7.5, 25°C). ¢ The difference in standard binding
free energy between the unmodified site and each modified site, calculatexiGging = —RTIn (KamodifiedK yunmodified ~d Dissociation rate constants
were obtained at 0.08 M NacCl as described in the legend to Figure 2. Valkgfooboth orientations were in close agreement; megassandard
deviations of four determinations are shoiThe difference in free energy of activation for complex dissociatiofG°* = —RT In (kgmodified/
kqnmodified - Note that values are tablulated aAAG°".

Beckeret al, 1988) does not permit an assessment of how a &-nt product

each contact between protein and each individual phosphoryl 1% P1-TCGCA GAATTCTGCCGG
oxygen contributes to particular aspects of function (e.g., GOGT CTTAAG ACGGCCT-**P]
binding, catalysis) in the proteirDNA complex. This kind 8-nt product

of precise information will be required to connect high- B [#2p}ToGCA p GAATTCTGCCGE 32
resolution crystal structures to system-level thermodynamics c GOGT  CTTAAG ACGGCCT- P
and kinetics and ultimately to theoretical calculations of [ PLTCGCAGAATTC  TGCCGG
interaction energetics. GCGTCTTAAG psACGGCCT*P]

We have therefore introduced the use of chiral phospho- Ficure 1: Design of oligonucleotide substrates. The upper sequence
rothioates (P$)as extremely subtle probes of the stereo- (a) shows the canonical duplex 17-nt oligontgrcR| endonuclease

chemistry of protein contacts with DNA phosphates (Lesser cléavage in the upper strand produces an end-labeled 6-nt product;
et al, 1992; Koziolkiewicz & Stec, 1992). A prochiral cleavage in the lower strand produces an 8-nt product (see Figure

. . . 4). In all experiments, each site with one Ps substitution was tested
phosphate hasO bonds of intermediate order and negative in) both oriepntations as shown in (b) and (c).

charge delocalized across the two nonbridging phosphoryl

oxygens, but the predominant resonance form of a phos-multiple-turnover conditions, whereas oligonucleotides con-
phorothioate group is €P—S" (Frey & Sammons, 1985).  taining S-pGAATTC were not cleaved at all. We show
The P-S~ single bond is about 0.6 A longer than the here that single-strand substitution with either diastereomer
intermediate-order PO bond (Frey & Sammons, 1985). jnhibits EcoR| endonuclease binding\AG®ying = +0.7 to
Thus, a phosphorothioate differs from prochiral phosphate +0.9 kcal/mol), although the penalty in binding free energy
both in bond lengths and in charge localization. AAG°ying is slightly greater for theS-Ps diastereomer.

In an earlier paper (Lesset al, 1992), we showed that  Neither diastereomer inhibits the cleavage rate constant for
a phosphorothioate at the central supplementary clampthe unmodified DNA half-site, implying that there is no
phosphate GAATTC could be used to demonstrate the major structural change in the complex. However, the first-
stereospecificity of the proteirDNA interaction at this  order cleavage-rate constant for the modified DNA half-site
position. Thepro-R» phosphoryl oxygen (that which, when js more pronouncedly inhibited §-Ps (about 3-fold) than
replaced with sulfur, yields th&®e-Ps) receives a tightly  py R-Ps (about 25%). Thus, the combined inhibition of
constrained hydrogen bond from the polypeptide main chain pinding and catalysis is 14-fold for single-strarg-Ps
amide at Gly*®, whereas thero-S» oxygen points to solvent.  supstitution and 45-fold for double-straSslS-Ps substitu-
We found that single-strand substitution with tRe-Ps  tion. Detailed consideration of the structure of the complex
diastereomer, which directs the longer®" bond toward  indicates that the inhibition of binding reflects an unfavorable
Gly'9, inhibited both binding 4AG°sing > 0) and the first-  effect of P-S~ on the interactions with multiple protein
order rate constant for Cleavage in the modified DNA half- elements that norma”y contact both nonbridging phosphory]
site. By contrast, th&-Ps diastereomer in one strand not oxygens of the phosphate@BAATTC and that replacement
only stimulated bindingAAG®sing < 0) but also stimulated  of the pro-S» oxygen with sulfur preferentially inhibits the
cleavage in the modified DNA half-site. first-order cleavage rate constant by affecting the positions

In this paper we use chiral Ps probes to dissect the of residues that participate in catalysis.
functional roles of the contacts to the individual phosphoryl

oxygens of the indispensable phosphatep@AATTC. MATERIALS AND METHODS

Previous studies (Koziolkiewicz & Stec, 1992) suggested

stereoselectivity at this phosphate position, in that oligo- Oligonucleotide Substrates. HRb endonuclease was
nucleotides containinR--rGAATTC were cleaved under  prepared as described previously (Jen-Jacobsah 1983).

All experiments used synthetic duplex 17-nt oligonucleotides

1 Abbreviations: Ps, phosphorothioate; nt, nucleotide(s); bis-tris, [bis- (Figure l)_carrying the GAATTC site off center so that
(2-hydroxyethyl)amino]tris(hydroxymethyl)methane. cleavage in each of the DNA strands gives rise to a
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1

et al, 1986), and cleavage kinetics (Lesstal., 1990, 1992)
were measured, and ethylation-interference footprinting
(Lesseret al, 1990, 1992) was performed as described, with
minor changes in protein and/or DNA concentrations as given
below in the legends to the figures and tables.

0.8 4

RESULTS

0.6 4

Effects of Phosphorothioates on EndonuclesS&lA
gnrr;’odiﬁed Binding. The introduction of a single Ps into one strand of
s::p: a duplex oligonucleotide inhibits equilibrium binding. As
Rp.Rp-Ps shown in Table 1, the penalty in standard binding free energy
Sp.Sp-Pe AAG®ying, relative to the parent unmodified DNA, 0.7
kcal/mol for R=-Ps and slightly larger+0.9 kcal/mol) for
0 200 200 00 500 1000 1200 1400 S-Ps. In both cases, the penalty was the same regardless

Time (sec) of which strand of the duplex was modified, that is, for either
FiGure 2: Kinetics of dissociation of endonucleadeNA com- orientation shown in Figure 1. These penalties are signifi-
plexes. Complexes betwe&taR| endonuclease (8 nM) and each ~ cantly larger than those observed previoushNAG ying =
of the radiolabeled oligonucleotides (10 nM) were formed under +0.3 kcal/mol) for the unfavorabl®--Ps at GAAJTTC

solution conditions described in Table 1, except these data were(|_esseret al, 1992).

obtained at 0.08 M NaCl. Curves represent individual experiments. . . .
The means of multiple experiments like these are reported in Table ~ Given the standard deviations in the measurements of the

1. equilibrium association constaHi (Table 1), it is hard to
distinguishable product. The sequences are the same as thodee confident of the small difference RAG®yina between
used in our earlier work (Lesseet al, 1990, 1992).  the single-strandi--Ps andS-Ps substitutions. However,
Stereospecific phosphorothioate substitutions were placed inthe difference can be confirmed by measuring the kinetics
these oligonucleotides at &SAATTC by synthesis and  Of dissociation of preformed protefDNA complexes
block coupling of separately purifie-ApG andS-ApG (Figure 2); theS-Ps complex clearly dissociated faster than
dinucleotides by the methods previously described (Lesserdid the R-Ps complex.

et al., 1992). The complete®s- and S-oligonucleotides It is noteworthy that the changes in energy of activation
were purified, and their stereochemical purity (99.5% for for complex dissociation, calculated from the dissociation
S-Ps and 95% folR--Ps) was demonstrated according to rate constantky asAAG™¥y = —RT In (kymodified/k unmodified)
Lesseret al. (1992). These Ps oligonucleotides were give binding penalties very similar to th®AG®,ng values
annealed with unmodified complementary strands to producecalculated from equilibrium binding (Table 1). That is,
heteroduplexes or with Ps-modified complementary strands AAG°ning & —AAG°4*. (The signs are opposite because we
to produce homoduplexes. End labeling and repurification are comparingAAG®,ing for the association reaction to

Fraction Initial cpm Bound

I =]

0.4 4

of duplexes were performed as described (Lesteal., AAG°4* for the dissociation reaction.) This is expected if
1992). the modification affects neither the free energy level of the
Other Methods.Equilibrium binding (Lesseet al., 1990, hypothetical noncovalent “transition state” for complex
1992), dissociation kinetics (Lessetral, 1992; Jen-Jacobson  dissociation nor the frequency factor for decomposition of
[NaC1 (M) [NaCl] (M)
a 0.14 0.16 0.20 b 0.08 0.10
1 | | 4.0 1 1
10.0 - O Unmodified
) A PRp-Ps
3 Sp-Ps
A Rp,Rp-Ps
9.5 ® SpSpPs 3.0
< o
N4 X
8 904 g
t
2.0 -
8.5
8.0
1) i 1.0 T ]
-0.9 -0.8 -0.7 -1.1 -1.0 -0.9
log [NaCl] log [NaCl]

Ficure 3: Dependence on NaCl concentration of EmRI endonuclease interaction with canonical aRg){ and &)-phosphorothioate-

modified substrates. For sites containing single-strand Ps substitution, both orientations (Figure 1b,c) were tested and showed no significant
differences. Points show combined meanshe standard deviations of three independent determinations for each orientation (six total).

For sites containing double-strand Ps substitution, points show mieatendard deviations of three to four independent determinations.

(a) The logarithm of the equilibrium binding constak,f°) is plotted versus the logarithm of the NaCl concentration. (b) The negative
logarithm of the dissociation rate constak§)(is plotted versus the logarithm of the NaCl concentration. Symbols are the same in both
panels.
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this transition state to the free protein and DNA (Jen- ()
Jacobson, 1995). TCCGGCApGAATTC TGCG

When both strands were modified Rp,Re- or S,S-Ps GGCCGT CTTAAGpACGCT
homoduplexes, the penalties ANG°ying and AAG*4 were
close to the sums of the penalties for the constituent single-
strand modifications. Both equilibrium and dissociation
kinetic data indicated that the energetic effects of RydPs
substitutions were additive, within experimental error. For
the $,S-Ps homoduplex, thAAG**y and AAG®ping Values
were slightly less than the sum of the penalties for single
S-Ps substitutions, but the standard deviations were suct
that we cannot determine with confidence whether the
penalties forS-Ps substitutions are additive or slightly
subadditive.

The approximately additive behavior faGAATTC
substitutions should be contrasted with that of Ps substitution:
at GAALITC (Lesseret al, 1992), where double Ps
substitutions in homoduplexes andRpS-Ps heteroduplexes
always gave values #AG°yng that were less favorable (i.e.,
more positive or less negative) than predicted from the sunr
of the AAG®,ng values for the constituent single-strand
substitutions.

Measurements of the dependence&kafandky on cation
concentration (Figure 3) show that the observed binding
differencesbetween complexes with Ps-oligonucleotides
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pertain at all cation concentrations. Furthermore, the slope:
of the salt dependence curves for equilibrium bindihitpg

Ka/d log [NaCl] = —7.5+ 0.5) and for dissociation kinetics FiGure 4: Single-turnover cleavage kinetics of canonical aRg-(

- and &)-phosphorothioate-modified substrates. A representative
(9 log ky/d log [NaCl] = 7.1+ 0.4) were the same for all PS  {jme course for each orientation of a site containing Ps in one strand

derivatives and for the unmodified parent oligonucleotide. is shown. Reaction times in seconds (left to right) for each panel
Changes in these slopes have been observed in othewere as follows: (a) 0, 0.9, 1.9, 2.6, 3,4, 5, 6; (b) 0, 1.1, 1.8, 2.3,
modified DNA sites (Lessegt al, 1990; Mossing & Record, 3.5, 6,8, (0 0, 1.1, 1.6, 2.1, 3.0, 5.5, 8, 10; (d) 0, 1.2, 2.0, 2.8,
1985; Jen-Jacobsat al, 1991) as indicators of structural 5.6 5955”4056 5.0, 15.0: (5 0, 1.3, 22, 5.0, 4.0, 50, .0,
adaptations” in the proteinRDNA complexes, but in the 100, Only a fraction of the complete time course (14 points) used
present cases there is no indication of even minor adaptationfor the calculation of cleavage rate constants (Table 2) is shown.
We have confirmed this inference by ethylation interference These experiments were performed at 12 mVPMg.esseret al,
footprinting (data not shown): the phosphate footprints made 1993); some earlier data (Less#iral, 1990, 1992) were obtained
by EcaRl endonuclease on the various Ps-substituted oligo- at5 mM Mg*.

nucleotides are qualitatively and quantitatively indistinguish-
able from those on the parent unmodified sequence.

Cleavage of Phosphorothioate-Substituted DNAhere
were three key elements in our experimental strategy to
measure the effects of Ps substitution on catalysis: First,

products resulting from cleavage in each DNA strand is a
parallel-sequential process (Lesstral, 1990).

With the unmodified duplex as substrate, the two DNA
strands are cleaved at equal rates and the cleavage rate

we designed oligonucleotide substrates (Figure 1) that locatedcOnStants for the nicked intermediates are approximately the
the GAATTC recognition site eccentrically (but in constant Sa2me as for the intact duplex (Lesseal, 1990), such that
flanking sequence) so we could distinguish between cleay- € 6-nt and 8-nt products appear at equal rates (Figure 4).
ages in each of the DNA strands. Second, we made Single-strand substltutl_on of eithék-Ps orS-Ps had no
stereospecific Ps substitutions in only one strand of these&fféct (Table 2) on the first-order rate constants for cleavage
duplexes, such that each substrate had one modified and ond" the unmodified DNA strandkf). We have previously
unmodified DNA strand. Third, we measured first-order Pointed out (Lesseet al, 1990) thatk, representing a
cleavage rate constants (for both orientations of the eccentriccleavage event at a point remote from the locus of modifica-
site) after addition of Mg to preformed endonuclease tion, reports on global rather than local changes in the
DNA complexes, at high concentrations of endonuclease andprOtEin—DNA interface. Discernible structural adaptations
DNA and with endonuclease in excess, so that all DNA was in the complex are invariably associated with changes in
enzyme bound. This procedure yields true first-order rate (Lesseret al, 1990, 1992; Jen-Jacobsehal, 1991; Jen-
constants for the strand cleavage steps, independent of anyacobson, 1995), and conversely, unaltered valués arfe
differences in binding affinity or product release. [We (Jen- observed only in complexes that have not undergone global
Jacobsoret al., 1996; our unpublished results) have shown structural adjustments (Lessatral, 1990, 1993). Thus, the
that the affinity of EcaRl endonucleaseDNA complexes unalteredk; values for Ps substitutions pGAATTC imply

for Mg?" generally does not change, even when there arethat the complexes remain essentially isomorphous with the
profound structural adaptations in the complex.] Under these canonical complex, supporting the inferences from the
conditions, the formation of the distinguishable 6-nt and 8-nt unaltered salt dependence and ethylation interference.
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Table 2: First-Order and Relative Second-Order Cleavage Rate CofAstants

K © AAG® § kp © AAG®H, Relative © Relatve
Sequence b sec-1 kealimol 4 sec-1 kcal/mol ky xKa k2xKa
[Fold . [Fold
inhibition] f inhibition]
TCGCAGAATTCTGCCGG 09+0.1 0 09+0.1 0 1 1
GCGTCTTAAGACGGCCT
Rp-TCGCApgGAATTCTGCCGG 0.9 +0.1 0x0.1 07101 +0.1+£0.1 | 033+0.07 0.26 + 0.06
GCGT CTTAAGACGGCCT i3] [4]
Sp-TCGCApgGAATTCTGCCGG 0.9 +0.2 0£0.1 03+0.1 +0.7£0.1 0.21 £ 0.06 0.07 £ 0.03
GCGT  CTTAAGACGGCCT 51 [14]
Rp-TCGCApgGAATTC  TGCCGG 1.1+£0.2 -01x0.1 09102 001 0.11 £0.03 0.09 £ 0.03
GCGT  CTTAAGpsACGGCCT-Rp ) 1]
Sp-TCGCApgGAATTC TGCCGG 03101 +0.7 £0.2 03%0.1 +0.7 £ 0.2 | 0.022 £0.009| 0.022 £+ 0.009
GCGT CTTAAGpgACGGCCT-Sp [45] [45]

a First-order rate constants were measured from densitometric data on gels similar to those in Figure 4, calculated from a full parallel-sequential
model as described by Lessaral. (1990).° Only one orientation of a site with a single Ps substitution (Figure 1) is shown. Both orientations were
tested for each site containing a single Ps substitutibior each site with Ps substitution in one strakiddenotes the rate constant for cleavage
in the unmodified DNA strand ankb denotes that for cleavage in the modified strand. For sites with Ps in both stkamdss arbitrarily assigned
to the top strand (Figure 1). Values for the single-substituted sites were independent of orientation (Figure 1}; steadard deviations of both
orientations (total of six determinations) are shown. Values for the double-substituted sites are-retzardard deviations of three determinations.

4 The difference in energy of activatiohG*, relative to the unmodified sitee. —RT In [KeieavdMod)KeeavdUnmod)], where the subscripts 1 and 2
refer to the rate constanks andk,, respectively® For each site, the apparent second-order rate constanKa relative to that for the unmodified
site.f Fold inhibition, in brackets, is the reciprocal of the relatkigavda.

Substitution ofRe-Ps in one DNA strand had at most a tively. This is an excellent illustration of how multiple-
very slight (~25%) inhibitory effect on the first-order turnover experiments, or the use of steady-state parameters
cleavage rate constariy) for the modified strand, bu$- Km andk.q:determined under such conditions, may yield less
Ps substitution inhibite#; by about 3-fold (Table 2). This  useful information than a careful experimental allocation of
change ink; (but notk,) is reflected visibly as an unequal the effects as between binding and individual kinetic
rate of appearance of the 6-nt and 8-nt products (Figure 4).constants for the bond-breaking steps.

This was not a consequence of the eccentric location of the
GAATTC site in the 17-nt substrate, since the strand DISCUSSION

containing anS>-Ps was always cleaved slower, regardless Protein Contacts apGAATTC. The structure of the

of vv_hether_ the “top” or the “bottom” DNA strand was cocrystalline complex betweeBcoRl endonuclease and
modified (Figure 4). Ir,S-Ps homoduplexes, botaand [\ ¥ 2o cannerg, 1991: Kinet al, 1996) shows that the
k. were inhibited by about 3-fold (Table 2), resulting in nonbridging oxyg,ens of’ the prin;ary clamp phosphate at
slovc\j/er bu(t equal rs;ttes of appearance of both 6-nt and 8'mpGAATTC lie within hydrogen-bonding distance (2-8.4
products (Figure 4). . : o

In earlier experiments (Koziolkiewicz & Stec, 1992) under A)T?]fef[())ruor-Fgaizisze%n(;gient?:;tzglhf'i:r:glgi;rE:aAEzA) is directed

multiple-turnover conditions (i.e., DNA in large molar excess ) .
to endonuclease), it was observed thatRh&-Ps derivative toward the DNA major groove and receives contacts from

of pGAATTC was cleaved, but theh,S-Ps derivative was e guanidino group of AR§*and from Ly3*®e-NH,". The
not cleaved at all. Although those experiments correctly pro-S oxygen (pomtmg Ieft In F'Q“re SA) receives hydro.gen
identified the stereospecificity of Ps action at this position, 20nds from the side chain amide of AShand the main

we can now see that the effect and its stereospecificity haveChain amide of Ly¥. As a result of these positions and
a far more subtle basis than was previously supposed.nteractions, the primary clamp phosphat@&AATTC is

Single-strandS-Ps substitution at this position has only almost completely buried in surrounding protein elements
slightly greater inhibitory effects on both binding and (Figure 5B). ) ) )
cleavage than doe®e-Ps, but the apparent difference ~ TO understand the structural basis for the differential
between the diastereomers is amplified by double-strand&ffects of Ps diastereomers on binding and cleavage, it is
substitution and under multiple-turnover conditions, where Nécessary to understand how e-R. and pro-S> phos-

the apparent second-order rate constant for the overallPhoryl oxygens differ in their participation in an elaborate
reaction is determined by the product of the binding and network of residue connectivities and hydrogen bonds
cleavage rate constants (i.&eavKa). (The parameter ~Detween side chains, which serves to buttress the pretein
keeava is analogous to the familidga/Ky used in steady- ~ Phosphate contacts and to provide “communication” with
state kinetics, where, and Ky are the catalytic and ~ Protein elements involved in sequence recognition and
Michaelis-Menten constants.) For these Ps substitutions, our catalysis:

data (Table 2) show that the second-order rate constant for (a) Arg?®®also hydrogen bonds to the upstream phosphate
cleavage in the modified half-site is inhibited 14-fold for at pAGAATTC and to a water molecule that mediates
S-Ps and 45-fold fos,S--Ps, compared to only 11-fold for ~ recognition of G and N of guanine (not shown in Figure
Re,Re-Ps. Thus, under multiple-turnover conditions, the 5).

4-fold kinetic advantage d®-,R--Ps over$,S-Ps apparently (b) Lys'“8 e-NHs* is hydrogen bonded to the side chain
resulted (Koziolkiewicz & Stec, 1992) in the classification carbonyls of As#®and GId#4 In turn, GIi#4is connected

of these substrates as “cleaved” and “not cleaved”, respec-by side chain hydrogen bonds (not shown) to the guanidino



Phosphorothioate Probes of ProteDNA Contacts Biochemistry, Vol. 35, No. 27, 199@851

T

.
7 "y

a .
®®» EcoRlComplex  Free DNA

Ficure 6: Comparison of the DNA conformations in tlgoRl
endonucleaseTCGCGAATTCGCG complex (left; Rosenberg,
1991; Kimet al, 1996) and the free duplex oligodeoxynucleotide
CGCGAATTCGCG (right; Dickerson & Drew, 1981; Dreet al,,
1981; PDB accession number 1bna). The two models are aligned
at the upper phosphafGAATTC. Major groove groups on the
bases recognized iycdR| endonuclease are shown in red (guanine
06 and thymine @), blue (adenine Rland N), and green (thymine
CHs). The green arrows indicate phosphoryl oxygens (yellow)
contacted byEcdRl endonuclease IGAATTC (top and bottom)
and at GAATTC (left and right). The flanking supplementary
clamp contacts ggNGAATTC are not indicated.

(e) Lys® lies in theS-bridge (Rosenberg, 1991; Kimt
al., 1996) which follows the course of the DNA backbone
at the 5-side of the GAATTC site. At one end, this element
provides hydrogen bonds from 8&0OH and Se¥ NH to
the phosphate apAGAATTC. At the other end, the
B-bridge provides Asp, which participates in the catalytic
mechanism (see below).

The overall effect of this construction, therefore, is that
the primary clamp phosphates@BAATTC are intimately
coupled with the entire recognition interface. It is hardly

) ) surprising that introduction of a bulky ethyl group on either
FiGUurRe 5: Interactions ofEcoRI| endonuclease with the phosphate P 9 y ethyl group

at pPGAATTC. Models were drawn with MIDAS Plus software phosphoryl qugen strongly inhibits endonuclease binding
using the atomic coordinates of tEeoR| endonucleaseTCGC- to the canonical GAATTC site (Becket al, 1988; Lesser
GAATTCGCG complex (Rosenberg, 1991; Kiet al, 1996; et al, 1990, 1992) and to closely related sites (Lesdel,,
Brookhaven Protein Data Bank accession number 1rie). (a, top) 1990; Jen-Jacobsa@t al., 1991). Every cleavage-competent
The region surrounding the phosph@@AATTC (CpG in light complex with any DNA site, even those with transition-state
blue). Thepro-S phosphoryl oxygen points to the left and th®- . . .

Re oxygen to the right. The active site residues Glggreen) and !meracuon free energy penalties up+d3 kcal/mol, must
Asp®! (magenta) are at the left. Hydrogen bonds are shown as include the contacts giGAATTC on both DNA strands
dashed lines. Note that the oligonucleotides used in our experiments(Lesseret al, 1990; Jen-Jacobsa al., 1991; Jen-Jacobson
(Figure 1) have an A in place of a C in this region. (b, bottom) et al, 1996). As we have shown, even the subtle phospho-

Space-filling model of the same view shown in (A). Colors are as ; PP "
in (A) except that the phosphate #0GAATTC has been recolored rothioate modification produces pronounced effects on bind

to show the phosphoryl oxygens (red) and the phosphorus atomiNd and catalysis.
(yellow). AsgPt is omitted for clarity. The phosphate contacts pGAATTC probably have a

crucial role in the characteristic “kinked” distortion (Rosen-

group of Arg5, which also interacts with the™f the inner ~ berg, 1991; Kimet al, 1994, 1996; Kumaet al, 1994) of
adenine and with the scissile phosphate pAGTTC. the DNA when complexed witBcdRl endonuclease (Figure
6). The distortion involves a net unwinding of the DNA
(by 3¢°) and opening of the major groove (by about 3 A) so
that recognition elements of the protein can be inserted to
make hydrogen bonds and van der Waals contacts to

(d) Lys**and Asi*°lie at the C-terminal end of thex*4 functional groups on the bases. Base recognition would be
helix”, which also includes the recognition residue Xfg impossible without this distortion.

(c) The side chain amide of A&Ris hydrogen bonded to
a side chain carbonyl of Gltf, which participates in the
catalytic mechanism (see below).
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In the free DNA (Figure 6), the phosphatep@AATTC Jacobson, 1995). The inference that there is little or no
in the two DNA strands were rotated with respect to each adaptation in these Ps-modified complexes is further sup-
other around the helical screw. AscoRl endonuclease  ported by the unaltered ethylation interference footprints, the
binds, however, it unwinds the DNA to bring these phos- unaltered salt dependence of binding (Figure 3), and the fact
phates into alignment with each other along the major groove that neitheiR=-Ps norS--Ps affects the cleavage rate constant

face on which lie the groups on the bases that are recognizedfor the unmodified DNA strand.
We believe that these primary clamp phosphates are the Stereospecific Effect ob%s on Cleaage Rate Constants.

points at which the enzyme, in effect, “grasps” the DNA to

In previous studies (Koziolkiewicz & Stec, 1992) it was

stabilize the unwound conformation (or to exert an unwinding simply reported thats;,S-Ps was not cleaved bcoRl

force to “strain” the DNA; Kumaket al, 1994). Additional

endonuclease, but we have now dissected out and quantitated

points of grasp are provided by the supplementary clamp the effects of Ps diastereomers on binding and on the

contacts apAGAAPTTC. The central contacts at GAA-

TC (Figure 6) lie at the points of kinking of the DNA
backbone (Rosenberg, 1991; Kiet al, 1994, 1996) and
may be crucial to stabilizing this feature of the conformation.
Thus, the recognition of the GAATTC bases and the

individual rate constants for cleavage in each of the DNA
half-sites. None of the single-strand substitutionsGAAT-

TC affectk; for cleavage in the unmodified DNA strand,
consistent with the absence of structural adaptation in these
complexes. The stereospecific effect ®Ps on the rate

phosphate clamps should be regarded as an integral, cooperaonstantk, for cleavage in the modified DNA half-site (3-

tive process.
Phosphorothioate Effects on Endonuclease BindiBg-
cause both phosphoryl oxygeng@@AATTC are hydrogen

fold inhibition; Table 2 and Figure 4) may be understood
from the interactions betwedficoRl endonuclease and the
pro-S phosphoryl oxygen (Figure 5A). As noted above, we

bonded to protein in a highly precise network that is sensitive believe that a PS™ directed toward thg-bridge and AsH*®

to bond lengths and angles and charge distribution, Bgth
Ps andS>-Ps inhibit endonuclease binding.

The Re-Ps substitution directsPS~ toward Lys$*® and
Arg?%3 with a bond length increased by about 0.6 A (Frey

& Sammons, 1985) compared with prochiral phosphate. It

would only be accommodated by some minor displacement
of these elements. This, in turn, would affect the positions
of Asp®® and GId'%, albeit to an unknown extent. Both of
these side chains have essential roles in catalysis.

The side chain carboxyls of A%pand Gld'! chelate the

is possible, but not certain, that the replacement of a partial essential M§" cofactor in the active site (Rosenberg, 1991;
negative charge with a full negative charge would make the Kim et al, 1996). Mutation of GIi'! abolishes catalytic
interaction with these positively charged side chains slightly activity with little effect on binding (Kinget al., 1989). There

more favorable. On the other hand, although both thé*ys
and Arg® side chains are relatively flexible, their participa-
tion in a network with other proteinDNA and intra-protein

is no direct genetic evidence that ARps involved in
catalysis, but Asp residues are found in analogous positions
in the active site As{$ of BanHI endonuclease (Winkler,

interactions (see above) suggests that even relatively minorl992; Newman et al., 1994a,b) and Asmf EcdoRV

movements to accommodate-B~ might have unfavorable
energetic consequences.
The Re-Ps also directs PO, with a bond length about

endonuclease (Winkler, 1992; Newman et al., 1994a,b; 1995;
Kostrewa & Winkler, 1995), and mutation of the analogous
Asp* of BanHI endonuclease abolishes catalytic activity (Xu

0.06 A shorter than in prochiral phosphate (Frey & Sammons, & Schildkraut, 1991; Dorner & Schildkraut, 1994).

1985), toward AsH?® and the polypeptide chain at L&sWe
believe that this replacement of theo-S P—~0O with P=0
would have little structural or energetic consequence.

The S-Ps substitution directs-PS~ toward Asri*® and
the polypeptide main chain amide at EY§to the left in
Figure 5A). The original distance from thmo-S$ oxygen

We therefore propose that the 3-fold inhibitionkef{ Table
2) by a singleS-Ps in the immediate vicinity is a conse-
qguence of minor displacement of A@nd/or GId'% The
inference is further supported by the absence of inhibitory
effect whenRp-Ps directs the nondisruptive=® toward
these protein elements. The fact that double-sti&8--

to Lys®® NH was about 2.8 A, and it seems probable that Ps substitution produces the same degree of inhibition, but

the added 0.6 A length of the-’5~ bond can be accom-

in both DNA strands (Table 2), indicates that the transition-

modated only by some adjustments of position and unfavor- state effects are independent in the two half-sites, consistent
able energetic consequences. The stereospecific inhibitionwith this interpretation of a strictly local effect.

of catalysis by thes-Ps derivative implies that there are
also some adjustments of tifebridge and/or AsH?® (see

It is also noteworthy that for thigs,R--Ps derivative, where
there is a substantial penalty in binding free enerXG°ying

below). This may account for the observation (Table 1) that = +1.6 kcal/mol, Table 1), the values of the rate constants

S-Ps inhibits binding slightly more than doBs-Ps, but there

ki andk; are unchanged; that is, in terms of free energies,

is no basis on which to account for the absolute magnitudesAAG* = 0 (Table 2). Since the free energy of activation

of the changes in binding free energy.

It is also noteworthy that the\AG°,ing Values for Ps
substitutions are additive (within experimental error) in the
Re,Re homoduplex and additive or slightly subadditive in the

AG* is the energy difference between the unactivated
enzyme-DNA complex and the transition-state complex, the
fact thatAAG®,ing > 0 andAAG* = 0 necessarily implies
that the proteir-DNA interactions affected by th&e--Ps

S homoduplex (Table 1). Energetic additivity is generally substitution(s) make precisely the same energetic contribu-
only possible when the perturbation to the interface has tions in the unactivated endonuclease-DNA complex and in
purely local consequences and does not cause significanthe transition-state complex. That is, an energetic penalty
changes in the overall structure of the complex (Jen- paid at the level of binding need not be paid again in the
Jacobson, 1995); structural adaptation, however minor, istransition state. We had previously observed similar behavior
invariably associated with nonadditivity &fAG®ing values for Ps substitutions at GAATC (Lesseret al, 1992) and

(Carteret al, 1984; Wells, 1990; Lesset al, 1992; Jen- for multiple substitutions of purine for adenine (Lesstr
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al., 1993). Taken together, these cases imply that the structural perturbations introduced by a phosphorothioate are
transition-state complex must bear a very close structural extremely unlikely to affect DNA conformation or distort-
resemblance to the unactivated endonucle&$¢A complex ability.

seen in the crystal structure (Rosenberg, 1991; Ktral, Our results suggest that the stereoselectivity of Ps effects
1996). In particular, the distorted DNA conformation must can form an empirical basis for determining whether one or
be very similar in the unactivated and transition-state both phosphoryl oxygens at a given position are contacted
complexes. We have therefore termed the unactivatedby protein. At phosphates where the protein makes a tight
endonucleaseDNA complex a “pre-transition-state” com-  hydrogen-bonding interaction to only one of the phosphoryl
plex (Lesseet al, 1993), in which both protein and DNA  oxygens, one Ps diastereomer will improve binding (relative
already depart significantly from their ground-state confor- to the unmodified DNA) and the other will be inhibitory, as
mations and are poised to enter the transition state. we observed for the supplementary clamps at GARC

Methods for Ealuating Protein-Phosphate Contacts. (Lessetetal, 1992). At phosphates where the protein forms
Given the subtlety with which phosphorothioates can be useddirect interactions to both phosphoryl oxygens, both Ps
to probe the significance of individual proteiphosphate  diastereomers will be inhibitory but one Ps diastereomer may
contacts to the functions of a proteiDNA complex, it nonetheless be favored, as we showed here for the primary
seems worthwhile to make a comparison with the information c¢lamp phosphate contacts@BAATTC. Finally, at phos-
available from ethylation interference experiments. As a Phates that receive only water-mediated contacts, or that form
practical matter, ethylation interference footprinting (Sie- only salt links to flexible Lys or Arg side chains, there is
benlist & Gilbert, 1980; Luet al, 1981; Ebright, 1986) little or no ethylation interference with binding (Becker
allows a rapid survey of possible protein interactions with al., 1988; Lesseet al, 1990, 1992) and multiple-turnover
many DNA phosphates in and around a recognition site. Our cleavage experiments (Koziolkiewicz & Stec, 1992) indicate
work with EcoRl endonuclease (Becket al, 1988; Lesser little or no effect of Ps substitution.
et al, 1990, 1992) indicates that ethylation of a given  For enzymes like restriction endonucleases that interact
phosphate interferes strongly with binding when that phos- With specific DNA sites, the exquisite sensitivity of the
phate is directly contacted by polar side chains or by transition state to the most subtle perturbations may produce
polypeptide amides but not when only water-mediated a stereoselective effect of Ps diastereomers (located at
contacts are made. The method has also proven extremelyositions other than the scissile phosphodiester b_ond) on
useful for detecting a variety of structural adaptations in cleavage rate constants, as we observed here. This stereo-
modified complexes (Becket al, 1988; Lesseet al,, 1990, selectivity, when interpreted in conjunction with a crystal
1992; Jen-Jacobsat al., 1991; Jen-Jacobsat al., 1996). structure, may yield extremely detailed information about

We caution that it is not simple to interpret ethylation NOW networked proteinphosphate interactions serve to
effects on proteirDNA binding in terms of detailed “buttress” the precise positions of catalytic site residues.

molecular structure. The ethylation reaction (using ethylni-
trosourea; Siebenlist & Gilbert, 1980) is not stereoselective
and thus produces a mixture dRd)- and &)-ethylphos- Aggarwal, A. K., Rodgers, D. W., Drottar, M., Ptashne, M., &
photriesters at each DNA phosphate. If only one diastere- Harrison, S. C. (1988pcience 242899-907.

omer inhibits proteir- DNA binding, the interference effect gg?ligerr’l\}l_. I\\]/I f‘_ezf;z(r” S- ?(hgl?esﬁgli\iﬂol\l/.l Bg’géﬁzel::lzejen
will be no more than 2-fold. That is, strong interference =°PI7% Mo S Natl Acad. Sei ek 85347
(much greater than 2-fold) can only be observed if both  go51

diastereomers inhibit binding. Such strong interference was carter, P. J., Winter, G., Wilkinson, A. J., & Fersht, A. R. (1990)
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