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ABSTRACT: To better understand origin recognition and initiation of DNA replication, we have examined
by NMR complexes formed between the origin-binding domain of SV40 T antigen (T-ag-obd), the initiator
protein of the SV40 virus, and cognate and noncognate DNA oligomers. The results reveal two structural
effects associated with “origin-specific” binding that are absent in nonspecific DNA binding. The first is
the formation of a hydrogen bond (H-bond) involving His 203, a residue that genetic studies have previously
identified as crucial to both specific and nonspecific DNA binding in full-length T antigen. In free T-
ag-obd, the side chain of His 203 has . walue of ~5, titrating to the N'H tautomer at neutral pH
(Sudmeier, J. L., et al. (1996) Magn. Reson., Ser. B 11236—-247). In complexes with origin DNA,

His 203 N1 becomes protonated and remains nontitrating as the imidazolium cation at all pH values
from 4 to 8. The H-bonded NH resonates at 15.9 ppm, an unusually largeHNproton chemical shift,

of a magnitude previously observed only in the catalytic triad of serine proteases at low pH. The formation
of this H-bond requires the middle G/C base pair of the recognition pentanucleotide, GAGGC. The second
structural effect is a selective distortion of the A/T base pair characterized by a large (0.6 ppm) upfield
chemical-shift change of its WatseCrick proton, while nearby H-bonded protons remain relatively
unaffected. The results indicate that T antigen, like many other DNA-binding proteins, may employ
“catalytic” or “transition-state-like” interactions in binding its cognate DNA (Jen-Jacobson, L. (1997)
Biopolymers 44153-180), which may be the solution to the well-known paradox between the relatively
modest DNA-binding specificity exhibited by initiator proteins and the high specificity of initiation.

Initiation of DNA replication is a complex process that SV40 T antigen (T-ag), a 708 amino acid protein with 2
begins with the binding of an “initiator” protein or protein  phosphorylation regions, is the initiator protein of the SV40
complex to an origin of DNA replicatiorl( 2). Biochemical virus (8—10). It performs at least four distinct functions
and genetic studies have provided considerable insight intoduring initiation of DNA replication: (1) origin recognition,
this processg), but at the molecular level, itis still not well- ~ (2) DNA melting, (3) recruitment of other proteins needed
understood. This is especially true with respect to higher for replication, and (4) unwinding, serving as the helicase
eukaryotic organisms, where DNA origins have proved that unwinds the DNA in front of the replication fork.
difficult to identify and where limited structural information  Immediately after recognition, T-ag assembles into hexamers
is not yet available on the origin-recognition complex (ORC), and double hexamers. These higher order complexes are
the eukaryotic cellular initiatord). In contrast, origins of  responsible for functions-24 above 8—10). The SV40 core
replication have been identified for several viral systems, origin is a 64-base-pair segmentlf consisting of a central
and structural information is available for the initiator region containing four GAGGC sequences arranged as
proteins employed by simian virus 40 (SV40)ovine inverted pairs, flanked by an adenine-thymine (AT)-rich
papillomavirus (BPV), and adeno-associated virus (AAV) domain and an early palindrome (EP). Origin recognition
(4—6), including a structure of the papillomavirus initiator involves T-ag binding specifically to the GAGGC sequence.
protein bound to an origin sequencd.(Thus, at present,
viral systems offer better prospects for advancing the I Abbreviations: 1D, one dimensional; 2D, two dimensional; AAV,

understanding of molecular mechanisms underlying origin ad_edno'aDS;%C'aéed V'ﬂ_Jsi BP\I/" bOV'Ug ng"SESV'%JfDB*I\?AUtEF'%m
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Our overall goal is to understand the molecular mechanismsDNA-binding specificity of T-ag-obd and other initiator
underlying origin recognition and initiation of DNA replica- proteins and the high specificity of initiation.

tion. Toward this goal, we have previously expressed the

T-ag origin-binding domain (T-ag residues 13160) of MATERIALS AND METHODS

SV40 T-ag and solved its solution structure using NMR , , i
spectroscopyd). This domain, termed “T-ag-obd”, interacts ~ "/eparation of T-ag-obdThe cloning, expression, and

sequence-specifically with the SV40 origin, with an affinity Purification of T-ag-obd (residues 13260 of T-ag) have
comparable to full-length T-aglLp, 13). been described previousl¥d). Briefly, the DNA coding this

The surface of the T-ag-obd that interacts with DNA was fragment of T-ag was c_Ior_led into the pGEXT1vector and
mapped by monitoring the changes in the NMR spectrum transformeq int&Escherichia cpIBL21 ceI_Is. The cells were
upon binding of oligonucleotides containing the specific 9r0Wn to mid-log phase and induced with IPTG. Harvested

recognition pentanucleotide GAGGC sequence or a nonspe—](fe”.s were Iysed and the gluta:chioﬁet;anlsferase/ T—ag-obd_
cific AGAAT sequence. The NMR results confirmed previ- usion protein was separated from the lysate by adsorption

ous mutagenesis data that both sequence-specific and non@NtC glutathione-agarose affinity beads. The T-ag-obd was

specific binding is largely mediated by two elements in T- removed from the glutathiongtransferase by digestion with
ag-obd, termed “A1” and “B2"14). These elements exhibit thrombin. The affinity-purified material was further purified

the largest chemical-shift displacements on binding DNA and by ggl-filtr%tion chromat%grapgy on a 5-100 cocljurzng (P&ag
are adjacent in the structure. Al forms a loop, and B2 is Macia) and concentrated to between 0.35 and 2.2 mM by

part of a helix and a loop. The fact that the same surface ofultrafiltratio_n (Amicon Ce_ntriprep three filters). Protein
T-ag-obd is involved in both specific origin recognition and concentration was de'Fermmed _by the UV absorbanciat 280
nonspecific DNA binding is not surprising, owing to the NM USing an extinction coefficient of 9140 ™ cm,
substantial chemical and structural similarities shared by all ¢@/culated from the amino acid sequence.
DNA sequences. In fact, it is difficult to imagine how a site- ~ *°N Labeling of T-ag-obdror uniform enrichment of T-ag-
specific DNA-binding protein could be devoid of nonspecific 0bd with N, the cells were grown in minimal M9 media
DNA-binding activity, which nearly all sequence-specific that contained®NH4Cl as the sole nitrogen source. For
DNA-binding proteins exhibit to some degres). However,  specific labeling of the N of the histidines, the pGEXAT—
this raises an important question: How do sequence-specificT-ag-obd plasmid DNA was transformed irfo coli SG298,
DNA-binding proteins manage to function in the presence Which is an auxotroph for histidine, arginine, and leucine.
of such immense excesses of competing, nonspecific DNA These cells were grown in a rich, defined media that
binding sites? The most obvious explanation is that sequence-contained 120 mg/L of singly labele®N°*-histidine (-
specific binding proteins bind their cognate sequences with histidine-rings -**N, Cambridge Isotope Laboratories). Also,
much higher affinities than their noncognate sequences. T-ag-unlabeled arginine and leucine were added. The specifically
obd does bind more tightly to a GAGGC- than to an labeled T-ag-obd was purified from these cells as described
AGAAT-containing oligonucleotide 4, 13). Titolo et al. above.
reportedKy values of 31 nM and 0.&M, respectively, using Site-Directed MutagenesiSite-directed mutants H148Q,
fluorescence spectroscopy. This difference is insufficient to H192Q, H201Q, and H203Q were generated from pGEX-
account for the high specificity of initiation in vivo. This  1AT—T-ag-obd using the QuikChange site-directed mutagen-
inconsistency seems to apply to all initiator proteins, a fact esis kit (Stratagene). A total of%50 ng of pGEX-ZT—T-
which has been pointed out and discussed in detail by ag-obd plasmid DNA were amplified with 125 ng of each
Stenland 16). primer and 2.5 units of Pfu DNA polymerase (Stratagene).
Solving the structure of the complex between T-ag-obd The primers for H201Q were forward-ETGTTTTTTCT-
and origin DNA by NMR has been a specific objective of TACTCCACAAAGGCATAGAGTGTCTGCT-3; reverse,
our efforts to understand origin recognition and initiation. 5'-AGCAGACACTCTATGCCTTTGTGGAGTAA-
Unfortunately, for reasons not yet fully understood, The GAAAAAACAG-3'. The primers for H203Q were forward,
values of theo-carbon atoms in the complex are too short 5'-CTTACTCCACACAGGCAAAGAGTGTCTGC-
to permit NMR experiments needed to assign side-chain TATTAATAAC-3'; reverse, 5AATAGCAGACACTC-
resonances, which has thus far prevented the solution of theTTTGCCTGTGTGGAGTAAG-3. The primers for H148Q
structure. We have, however, been able to use NMR to were forward, 5CTAAGTTTTTTGAGTCAAGCTGTGTT-
identify and characterize interactions that distinguish the TAGTAATAG-3'; reverse, 5CTATTACTAAACACAGCT-
specific DNA binding of T-ag-obd from nonspecific DNA TGACTCAAAAAACTTAG-3'. The primers for H192Q
binding. One such difference is that specific complexes were forward, 5CATAACAGTTATAATCAAAACAT-
exhibit a’H NMR signal at 15.9 ppm4). Such downfield- ACTGTTTTTTCTTACTCC-3; reverse, 5GGAGTAA-
shifted proton NMR signals are quite rare in proteins and GAAAAAACAGTATGTTTTGATTATAACAGTTATG-
normally indicative of “catalytic” hydrogen bonds (H-bonds), 3'. The reactions were cycled 2 times from 95 for 30 s,
such as that of the Asp-His dyad in the active sites of serineto 37 °C for 1 min, and then to 68C for 16 min and then
proteases(7). A second difference is that T-ag-obd selec- cycled 12 times from 95C for 30 s, to 55°C for 1 min,
tively displaces the H-bonded proton resonance in the A/T and then to 68°C for 11 min. The PCR products were
base pair of the recognition pentanucleotide upfield by 0.6 digested with 20 units dbpn | (New England Biolabs) for
ppm, suggesting a selective weakening of the A/T base-pair2 h at 37°C. The digested PCR products were transformed
interaction. This paper reports and characterizes theseinto XL1-blue electrocompetent cells. The plasmid DNA was
interactions and discusses their role in origin recognition and isolated using a plasmid mini kit (Qiagen) and sequenced to
how they might solve the paradox between apparently low confirm the His to GIn mutations. This plasmid DNA was
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then transformed intd. coli BL21 cells, and the protein H203Q
was purified as described for the wild-type T-ag-obd. The WM AL S
T155S mutant was made previoushg).

OligonucleotidesDeoxyoligonucleotides used in T-ag-obd H201Q
binding studies were purchased from Oligos Etc. The two W
complementary oligonucleotides were d(GCAGAGGCCGA)

and d(TCGGCCTCTGC), herein referred to as “GAGGC".

Also, the duplex of d(GCAAGAATCGA) and d(TCGAT-

TCTTGC) was prepared and is referred to as “AGAAT". H1920

The DNA for “CAGGC” is d(GCACAGGCCGA) and

d(TCGGCCTGTGC); “GTGGC” is d(GCAGTGGCCGA)

and d(TCGGCCACTGC); “GACGC” is d(GCAGACGC- WWW
CGA) and d(TCGGCGTCTGC); “GAGCC” is d(GCA-

GAGCCCGA) and d(TCGGGCTCTGC); and “GAGGG” is

d(GCAGAGGGCGA) and d(TCGCCCTCTGC). The two MWW
complementary oligonucleotides were mixed in a 1:1 stoi- e

chiometry based on the UV absorbance at 260 nmJ0.H 17 16 15

The duplex oligomers to be added to the T-ag-obd sample "H (ppm)

were then dried on a Speed-Vac evaporator (Savant) andrgure 1: Low-field “Hard-11” 500-MHz proton spectra ¢fN
redissolved in the NMR sample. T-ag-obd mutants 0.4 mM H148Q, 0.6 mM H192Q, 0.6 mM

NMR Experimental DetailsAll NMR samples contained ~ H201Q, and 0.8 mM H203Q with a molar excess of GAGGC at

100 mM botassium chloride. 10 mM potassium phosphate pH 5.5 and 30°C. The mutations of His 148, 192, and 201 to GIn
p o & p p p do not eliminate the low-field resonance.

(pH 7.2), 1 mM dithiothreitol, and 7 mM magnesium ] . )
chloride. Except for the pH titrations, all samples were DNA complex shows®N spin coupling with &Ju-y of 97
adjusted to pH 5.5 with dilute hydrochloric acid. The 1 Hz when the protein is uniform3?N-labeled. This rules out
NMR spectra were collected either at 600 MHz on a Bruker the possibility that the signal arises from the DNA. Selective
DRX 600, at 500 MHz on a Bruker AMX 500 spectrometer, ‘°N-decoupling experiments determined tf#&l chemical
or at 300 MHz on a DPX 300 spectrometer. All 2D spectra Shift to be 182.2 ppm (data not shown) and independent of
were recorded on the AMX 500 spectrometer. Spectra werePH over the range 5:27.6. HSQC spectra independently
recorded at 30C, andH chemical shifts were referenced ~confirmed these findings. ThEN chemical shift suggests
versus HOD at 4.707 ppr#N chemical shifts are reported ~ that the proton is a histidine A\H because only imidazole
relative to liquid NH. ring nitrogen atoms normally resonate in this region of the

To observe the low-field protons, which exchange rapidly spectrum. The rgsona?ce remains a doublet in the spectra of
with H,0, solvent excitation was avoided using the “hard- 1-29-obd specifically**N-labeled only at N of the his-
11" pulse sequence, and the dynamic range problem wadlidines, confirming that the nitrogen causing the splitting
overcome by oversamplingl®, 20). Some spectra were arises from a histidine and further identifying it as a histidine
recorded with selectivéN decoupling by continuous wave ~N°* s opposed to aRinitrogen. Because neither the low-
(CW) irradiation of the!sN spectrum at low power while field proton nor the nitrogen to which it is attached undergoes
observing the low-field proton spectrum. The CW power chemical shift changes with pH, the histidine is one that does
level was adjusted to achieve effective decoupling of no more NOt titrate in the complex. _ _
than+2.0 ppm. The offset frequency of the decoupler was _ Histidine Mutants.To help identify which of the six
then incremented by 2 ppm through the region of the histidine histidines gives rise to the low-fieltH signal, each of the
side-chain'®N resonances to determine the chemical shift histidines was individually mutated to glutamine, but. only
of the nitrogen atom attached to the low-field proton. four clones, H148Q, H192Q, H201Q, and H203Q, yielded

. . fficient protein for aH NMR sample. The first three of
The 2D™H/*N correlation between the amide protons and su .
the covalently bound nitrogen atoms was achieved by these, H148Q, H192Q, and H201Q, exhibited the 15.9-ppm

. signal on addition of GAGGC (Figure 1), eliminating these
[‘r(e);egggy CJ\?S{ 2”3;&3?2:# én ESZZTQ Cseuggfe%?ti?(\:/vater histidines as the source of the Iovy—fielq signal. Thell-_|203Q
signal @2). The 2D correlation betweeKN and carbon- mutant does not exhibit the low-field signal on addition of
bound'H was done with heteronuclear single- and multiple- GAG.GC (Figure 1). _Hoyvever, .th's mutant appears to be
quantum coherence (HSMQC) experimer3 @4). A fifth devoid of all DNA blndl_ng activity as ewdenceql by the
order polynomial baseline correction (“ABS2”) was per- absence of chemical-shift changes and broadening of both
formed in the'H dimension. These spectra were processed protein and DNA signals associated with binding of wild-
in the *H dimension with a LorentzianGaussian window type T'-ag-ol:.)d o GA.GGC' Therefore, the absence of the onv—
function using constants LB —10 Hz and GB= 0.08, and field signal in the His 203 mutant does not prove that His

the 15N dimension is processed with a 3imindow function gogc'tsr;hoef ?r:'g'g 20(; ;gengﬁ:;r: isslgnglt.e ";tieri:ﬁ’::'?glz\;"';f(?g
using constant SSB- 2. p q yp

T-ag-obd, indicating that H203Q folds correctly and has an

RESULTS overall structure very similar to that of wild-type T-ag-obd
(Figure 2). The defect in DNA binding is therefore a specific,
Assignment of the Low-Field Protoithe low-field *H local effect of the H203Q mutation and not due to gross

resonance at 15.9 ppm exhibited by the T-ag-obd, GAGGC structural alterations. In support of this conclusion, H203Q-
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Ficure 2: Overlaid™H/*®N HSQC 300-MHz spectra of 0.8 mM
15N H203Q (red) and 1.3 mM®N wild-type T-ag-obd (black) at
pH 5.5 and 3C°C. While the majority of peaks do not shift in the
mutant, a small number do in the wild type, mostly peaks that are
close to His 203 in the structure.

gaggG
induced chemical-shift displacements are largely confined
to residues that are spatially close to His 203, such as Val
205, Thr 199, and Cys 158. 9agCc

15N pH Titrations of the Histidinedistidines are chemi-
cally active at physiological pH; either of the two imidazole gaCgc
ring nitrogen atoms can donate or accept protons, engage in [\/\\/»/\VJ\/"'\/\/\J\/\/\/\/V’/\/\/\A
H-bonding as either a H-bond donor or acceptor, or act as a
nucleophile in attacking and binding electrophilic centers gTgge
such as metals. TH&N chemical shifts of the imidazole ring
nitrogen atoms are remarkably informative about these

interactions 25). Previously, Sudmeier et al. reported the
resonance assignments for all of the histidine side-chain

atoms (carbon, nitrogen, and proton) in free T-ag-obd at 35 Cagge

°C in D,O at a fixed pH (now known to be 5.8 when

corrected for several effects, including the deuterium isotope : . . . .
effect upon glass-electrode response, not 5.5 as reported) 170 185 160 155 150
(26). 'H (ppm)

In free T-ag-obd, none of the histidine ring nitrogen atoms FIGURE 4: Low-field “Hard-11" 500-MHz proton spectra of 0.5
have a chemical shift of 182.2, which indicates that DNA MM **N T-ag-obd complexed to 2.0 mM DNA at pH 5.5 and 30

o C, with transversion changes one base pair at a time of the
binding must alter the NMR parameters of at least one of o gnition pentanucleotide, GAGGC. The 15.9-ppm peak is
the six histidines. Figure 3A shows the titration curves of opserved in all of the DNA except GACGC.
His 187, His 203, and His 255 in free T-ag-obd. One of these
three histidines must be the source of the low-field proton identify the DNA requirements for the appearance of the low-
in the complex, because the mutagenesis experiments havéield signal, one base pair at a time of the recognition
ruled out the other three. Note that His 187 does not titrate pentanucleotide was changed. Amide chemical-shift changes
and exists exclusively as the’Nautomeric form 27). indicated that none of the mutations prevent the binding of
Binding of T-ag-obd to GAGGC severely broadens all T-ag-obd to DNA. Mutating the first and last base pairs of
resonances, including the histidif® signals. In fact, the ~ GAGGC does not affect the 15.9 ppm peak (Figure 4).
signals from His 203 are broadened beyond detection at mostMutating the second and fourth base pairs broadens the peak
pH values, in either HSQC or dire¢iN-observed spectra.  (Figure 4). Mutating the third base pair, G/C to C/G (Figure
However, pH curves could be completed for His 187 and 4) or to A/T (data not shown), prevents the appearance of
His 255 in the complex (Figure 3B). The results show these the low-field signal.
are essentially the same as the corresponding curves in free pNA Structural DistortionsBinding of T-ag-obd to the
T-ag-obd, indicating that neither His 187 nor His 255 can GAGGC-containing oligonucleotide causes the proton reso-
be the source of the low-field peak. Therefore, His 203 must nance of the A/T base pair in the recognition pentanucleotide
be the source of the low-field proton signal. to move upfield 0.6 ppm (Figure 5). The H-bondéd

Formation of the His 203 H-Bond Requires the Middle resonances of the adjacent base pairs exhibit little or no

G/C Base Pair of the Recognition Pentanucleotide effect. The large and selective displacement in the position
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Ficure 5: Low-field NOESY experiments (500 mHz) show the
connectivities between the base pairs. In the free DNA, T18H3 is
at 13.75 ppm and upon T-ag-obd binding shifts upfield to 13.15
ppm. The free DNA concentration was 2.5 mM. The complexed
sample contained 2.2 mM T-ag-obd and 1.33 mM DNA, and the
experiments were examined at pH 5.5 and°G0

Bradshaw et al.

The structural distortion also occurs if the A/T base pair
is reversed to a T/A base pair (Figure 6A). This complex
also exhibits the low-field proton signal at 15.9 ppm (Figure
4). However, replacing the A/T base pair with a C/G pair
eliminates both the upfield displacement of a H-bonded
proton (which in this case is a C/G base pair) and the low-
field proton signal. Interestingly, replacement of the A/T with
a G/C base pair does not eliminate the low-field proton signal
(Figure 6B). However, owing to overlap in the NMR spectra,
we were unable to determine if the G/C base-pair proton
resonance is displaced upfield.

The middle G/C base pair, previously demonstrated to be
critical for forming the His 203 H-bond, is also critical for
the T-ag-induced distortion of the A/T base pair. Even a
transversion mutation at this position, i.e., G/C to C/G,
prevents both the appearance of the low-field proton signal
(Figure 4) and the displacement of the A/T base-pair proton
resonance (data not shown).

T155S Binds GAGGC Specificallylutating Thr 155 to
Ser in full-length T-ag has been reported to result in the loss
of specific DNA-binding ability (4). The T155S mutant of
T-ag-obd, however, on binding GAGGC, exhibits both the
low-field proton resonance at 15.9 ppm (data not shown)
and the large, selective upfield displacement of the A/T base-
pair proton resonance (Figure 7) associated with specific
DNA binding of wild-type T-ag-obd. One notable difference
between wild-type T-ag-obd and the T155S mutant com-
plexes is the solvent-exchange rate of the thymidine proton
resonance. The exchange rate is slow/intermediate on the
NMR time scale in the wild-type complex but fast in the
T155S mutant complex (Figure 7). This demonstrates that,
although T155S binds GAGGC specifically, it does so with

of the A/T H-bonded proton indicates T-ag-obd causes a reduced affinity. Using line-width and line-shape analysis,

selective structural distortion centered at the A/T base pair.

we estimate that T-ag-obd hasa value of~100 nM for

Such a displacement of a base-pair H-bonded resonance doe§AGGC and 30 uM for AGAAT. These values are some-

not occur when T-ag-obd binds to the nonspecific AGAAT-
containing oligonucleotidedj.

what higher than those reported by Titolo et &B)(but most
likely reflect differences in sample conditions, i.e., pH, ionic

A B
n N
10

'H (ppm)

Ficure 6: (A) 1D low-field “Hard-11" 500-MHz proton spectra of 0.35 mM GTGGC with unlabeled T-ag-obd titrated in at pH 5.5 and
30°C. The T/A base pair shifts upfield approximately 0.6 ppm, upon binding. (B) 1D low-field “Hard-11" 500-MHz proton spectra of 1.0
mM GGGGC with unlabeled T-ag-obd titrated in at pH 5.5 and°@0 The low-field His 203 R'H resonance is observed; however,
whether the second G/C base pair is shifted upfield cannot be determined.
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pH values ¢4) (29). No chemical shift> 13 ppm has
previously been reported for any proteibNA complex.
The unusual downfield chemical shift indicates that tHé&-N
group of His 203 forms a H-bond in the complex of T-
ag-obd with GAGGC DNA. The"™N°! chemical shift of
182.2 ppm also supports this conclusi@b)(and further
indicates that the imidazole ring is present as the positively
charged imidazolium ion. The fact that the His 203 H-bond
forms in complexes with GAGGC DNA but not with
AGAAT DNA identifies it as an important determinant of
origin-specific binding 4).

What is the H-bond acceptor? There are no acceptor
functional groups in the vicinity of His 203 on the protein,
even allowing for small conformational changes on binding
DNA, indicating that the interaction must therefore be an
intermolecular one, with the acceptor on the DNA. Model
building based on the E1-DBD complex suggests that the
acceptor is the phosphate of the fourth base pair (G/C). A
H-bond interaction between a positively charged imidazolium
ion of His 203 and a negatively charged phosphate group
would explain the very large chemical shift of the H-bonded
proton, because the largést chemical shifts are produced
by H-bonds between oppositely charged donors and acceptors
(30).

However, how can a H-bond to a phosphate group be an
important determinant of origin-specific binding? A priori
such contacts might seem capable of contributing only to
nonspecific DNA binding. Jen-Jacobson has pointed out that
nearly all cognate proteinDNA complexes utilize protein
phosphate group contacts in specific recognitibs).(Often

Ficure 7: 1D “Hard-11" low-field 600-MHz proton spectra of 0.8 in such cases the prot_eﬂphosphatg interactions appear _to
mM 15N T155S, with GAGGC added incrementally, at pH 5.5 and  @ct as “clamps”, which in concert with other base-recognition
30 °C. The proteir-DNA ratio is given, and a spectrum of free  contacts, serve to distort the DNA. To function as a clamp

GAGGC is shown. requires that the proteirphosphate interaction tightly con-

i strains the phosphate; therefore, the protein functional group
strength, temperature, and concentration. The T155_S mutant,ust be relatively immobile. Backbone-NH groups or very
binds GAGGC about-10-100-fold more weakly, with @ short polar side chains would normally be expected to be
Kq value of ~1—10 uM. S employed for this purpose, not a histidine side chain with

Model of T-ag-obd Interacting with GAGG®oth T-ag  its much greater potential flexibility. However, His 203 in
and E1 are viral helicases that form double hexamers at the'rT-ag-obd is very tightly tucked into the protein, with only
respective origins to initiate replicatio,(16, 28). Both the N’ nitrogen protruding from the surface. The imidazole
origins contain repeating sequences in_ve_rted to ea_ch otherring is partially stacked over and rigidly held in place by
The crystal structure of the E1 DNA-binding domain (E1- the aromatic ring of Phe 159, which is itself entirely buried
DBD) in a complex with its origin recognition sequence has yithin the protein, unexposed to the solvent. With such
been solved, showing the interactions between the proteinggsistance from the surrounding structure, His 203 could well
and DNA (7). T-ag-obd and E1-DBD have high structural ¢t a5 such a clamp. Jen-Jacobson has proposed that such
homology, even though they have low sequence homology interactions can be thought of as “catalytic”, rather than as
(5). On the basis of the structure of E1-DBD bound to its purely binding interactions and that many DNA-binding
recognition sequence, ATTGTT, we modeled T-ag-obd proteins having an associated function employ such “transi-

bound to its recognition sequence, GAGGC. We aligned 92 tjo_state-like” interactions to achieve functional specificity
atoms from the backbone and obtained an RMSD of 1.87 (15

A. In this model, the His 203 NH is positioned to interact His 203 is essential for nonspecific, as well as specific,

with the phosphate group of the fourth base pair (G/C) on pNA pinding. Mutating this residue to Gin eliminates all
the C strand, a position and role assumed by Lys 241 in E1 pNA binding in T-ag-obd similar to mutating this residue
(7). to Asn in full-length T-ag 81). However, because the His-
203-donated H-bond is formed only in specific complexes,
DISCUSSION the loss in nonspecific DNA binding cannot come from the
His 203 Forms a Sequence-Specific H-Bond to the DNA. loss of this H-bond. It must arise instead from a mutation-
In the absence of paramagnetic ions, very few protons in induced localized conformational change, a not unexpected
proteins or nucleic acids have chemical shifts as large asresult in view of the tight packing around His 203. Selective
15.9 ppm. The only ones reported thus far are the Asp-His displacements of backbone-¥ resonances in the vicinity
H-bonded protons of serine protease catalytic triads at low of His 203 in HSQC spectra confirm that the H203Q
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mutation does not induce global effects on the structure but KMnOy4 (32). Not all structural distortions produce this result.
does cause localized conformational changes around His 203The protein, for example, could block accessibility, or the
If such localized conformational effects eliminate nonspecific distortion could be too small to expose the double bond. Such
DNA binding, they are also likely to result in the loss of KMnO, experiments have been used to conclude that
binding affinity in specific DNA complexes. This further eukaryotic initiators (e.g., ORC) do not distort their DNA
suggests that the His 203 H-bond may be a “catalytic” substrates35). In view of these discrepancies, eukaryotic
interaction as discussed above. systems should be re-examined by NMR.

T-ag-obd Distorts GAGGC DNAThe 0.6-ppm upfield T155S Mutant Binds GAGGC Specifically but Dysfunc-
displacement of the thymidine N-3 proton of the A/T base tionally. In full-length T-ag, mutating Thr 155 to Ser, a mere
pair of the recognition pentanucleotide is a significant deletion of a methyl group, eliminates the ability of SV40
chemical-shift change and indicates that tHeinvolved in to replicate 86). Thr 155 lies in the A1 DNA-binding loop
this Watson-Crick H-bond experiences a substantial change of T-ag-obd. In the E1-based model of T-ag-obd complexed
in its magnetic environment when T-ag-obd binds GAGGC to GAGGC, Thr 155 extends into the major groove, clearly
DNA. The fact that T-ag-obd can induce such a large effect in a position to influence specific binding. T155S T-ag has
without significantly perturbing the neighboring base pairs 67% of the nonspecific but only 1% of the specific DNA-
is remarkable. Such a displacement is consistent with abinding activity of wild-type T-ag 1, 36), which makes it
weakening of the H-bond, perhaps associated with T- a so-called class 1 mutant, defined as having lost specific
ag-mediated strand separation and unwinding, which arebut not nonspecific DNA-binding ability.
known components of initiation8( 28). Alternatively, the We have shown here that the T155S mutant of T-ag-obd
displacement could reflect altered ring currents centered atappears to retain specific DNA-binding ability, a result which
this position resulting from a distortion in the helical structure seems at odds with the full-length T-ag studies. This is
of the DNA. BPV E1-DBD induces such a distortion in the demonstrated by the fact that it exhibits both of the structural
helical structure. In this case, all base-pairing H-bonds are effects associated with specific complexes, i.e., the His 203
maintained, while the helical diameter changes and the majorH-bond and the displacement of the A/T H-bonded proton.
groove becomes deepét) (Unfortunately, the effect ofH At a minimum, the observation of these two features shows
NMR signals in the base-pair H-bonds of E1-DBD bound that essentially all of the T155S is bound to DNA in a single
DNA has not been reported. In our studies, regardless of complex type, rather than distributed among different types
whether the A/T chemical-shift displacement reflects a of complexes characteristic of nonspecific binding.
selective weakening of the H-bond or a distortion of the Is there a discrepancy between genetics studies on full-
helical structure, T-ag-obd appears to catalyze a “functional” length T-ag and the current NMR studies on T-ag-obd with
structural change, because this occurs only in “specific” respect to specific DNA binding? The NMR results show
complexes. that although T155S binds GAGGC DNA specifically, it does

The fact that the T-ag-obd induces a structural change atso with a lower affinity than wild-type T-ag-obd. The
the second position of the recognition pentanucleotide evidence for this is that, while wild-type T-ag-obd and the
regardless of whether this is an A/T or a T/A base pair GAGGC DNA are in slow to intermediate exchange on the
indicates that no direct specific contacts are made to theseNMR time scale, T155S is in fast exchange. This means that
bases. This contrasts quite sharply with the situation at the T155S binds with a 16100-fold lower affinity than wild-
third base pair, where substitution of the G/C with a C/G type T-ag-obd. Additionally, band-shift assays demonstrate
base pair eliminates both the His 203 H-bond and the T- that T155S binds specific DNA with a lower affinity than
ag-obd-induced distortion at the A/T site. This suggests that T-ag-obd (8). Thus, there is no real discrepancy between
specific contacts are made directly with the G/C base pair full-length T-ag and T-ag-obd regarding the effect of the
and that these contacts are asymmetric or strand-specific. T155S mutation on DNA binding. This mutation appears to

Replacing the A/T base pair with a C/G base pair decrease the binding affinity of both by similar amounts.
eliminates both effects associated with specific DNA binding, However, why is the T155S totally defective with respect
i.e., the appearance of the low-field proton signal and the to replication in the context of full-length T-ag? One
upfield displacement of, in this case, the C/G base pair. possibility is that formation of a specific complex, while
Interestingly, however, replacement of the A/T with a G/C necessary for replication to proceed, might not, in itself, be
does not produce the same result. With G/C, a low-field sufficient. The specific complex might need to be maintained
proton signal appears, indicating the formation of the His for a period of time to permit subsequent events, i.e.,
203 H-bond. This suggests that we might also expect to recruitment of other T-ag monomers to form hexamers and
observe a displacement of the G/C H-bonded proton. double hexamers and of other proteins necessary for initiation
Unfortunately, this could not be determined owing to the and replication. The T155S mutant, though able to bind

severe overlap in thtH NMR spectra of the complex. If no

specifically, might not maintain the complex for a sufficient

such upfield displacement occurs, it would represent the only amount of time to permit these next steps. Such lifetime

complex examined in which one of the structural effects
associated with specific binding occurs without the other.
KMnQO, oxidation/polymerase pausing studies did not
detect the A/T structural alteration on the binding of T-ag
(32, 33) or T-ag-obd 84) to SV40 origin DNA, a result that
may appear to conflict with our NMR results. However, the
KMnO, experiment requires that the distortion lead to the
exposure of the reactive 5,6 double bond of thymine to

effects have been demonstrated in other biological systems,
notably signal transduction through the T cell receptor. Here,
ligands that bind the receptor and induce the correct structural
changes nevertheless fail to transmit a signal if the lifetime
of the complex is insufficient for recruitment of intracellular
participants 87—39). Alternatively, though the T155S mutant
binds specifically, forms the His 203 H-bond, and distorts
the A/T base pair, its complex with the origin DNA may
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nevertheless be defective and thus nonproductive, in ways

still unknown.
Specificity of Origin Recognition and Initiation of Replica-

tion. What is the explanation for this apparent discrepancy

between the DNA-binding specificity and the specificity of

initiation? A common feature of initiator proteins is that they
function in association with other cellular proteins. Thus, a
potential explanation is that these accessory proteins enable

additional protein-protein and proteir DNA contacts that
provide higher binding affinity and specificity for origin

DNA. The E2 protein appears to provide such help to E1,

the papillomavirus initiator protein, increasing its binding
specificity for origin DNA ~1000-fold @0). Curiously, E2

appears to act not by supplying additional “specific” contacts
but by suppressing the nonspecific DNA-binding activity of
E1 @0). It has been proposed that the suppression of E2 of
the nonspecific binding of E1 restores or “unmasks” the

DNA-binding specificity intrinsic to the DNA-binding

domain of E1 and that other initiators such as SV40 T-ag
may employ a similar mechanism. Nevertheless, it is not clear

that this 1000-fold increase in specificity is sufficient to
account entirely for the specificity of initiation. The full-
length E1 protein binds cognate origin DNA only-1000-
fold better than nonspecific DNA4Q). Improving this by
10° via E2 would still yield a specificity, i.e KJ/Kns, of only
10* to 1CP. The vast majority of E1 and E2 would still be

bound to nonspecific DNA sites in a mammalian cell with 6

x 10° bp of DNA. It is also not clear if specificity can be

generated for the T-ag system by a similar mechanism,
because the DNA-binding specificity of T-ag and the T-
ag-obd do not differ much and are about the same as that of

E1-DBD, i.e.,KJKns ~ 10—100 (12, 13).

The proposal by Jen-Jacobson that some DNA-binding
proteins may achieve specificity through the use of “cata-

lytic” or “transition-state-like” interactions is intriguind.b).

This idea applies especially to DNA-binding proteins that
have a catalytic function such as restriction endonucleases.

Initiator proteins, with functions that include DNA melting,

unwinding, and the recruitment of other proteins, would fall
into this category. The His 203 H-bond and the distortion
of the A/T base pair, seen here in specific but not in
nonspecific DNA complexes, could well be examples of such

catalytic interactions.

How does this mechanism generate specificity for initia-
tion? When an initiator protein binds to its cognate origin
DNA, the “catalytic” interactions may be used to distort the
DNA or change the protein structure in some way that
permits the next steps in the initiation process to proceed.
Such interactions would not contribute to the binding affinity.

Thus, the binding affinity of an initiator for the cognate DNA

site might appear to be a little different than for a nonspecific
DNA site. The difference, however, is that a specific complex
would be productive, ready, and able to proceed to the next
step, while the nonspecific complex would be “nonproduc-
tive”, unable to proceed along the pathway to initiation, but
able to slide along the DNA in search of a productive site.
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