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ABSTRACT. Human flap endonuclease-1 (FEN-1) is a member of the structure-specific endonuclease family
and is a key enzyme in DNA replication and repair. FEN-1 recognizes 'tiagbDNA structure and
cleaves it, a specialized endonuclease function essential for the processing of Okazaki fragments during
DNA replication and for the repair of'&nd single-stranded tails from nicked double-stranded DNA
substrates. Magnesium is a cofactor required for nuclease activity. We have used Fourier transform infrared
(FTIR) spectroscopy to better understand how?Mgnd flap DNA interact with human FEN-1. FTIR
spectroscopy provides three fundamentally new insights into the structural changes induced by the
interaction of FEN-1 with substrate DNA and KfgFirst, FTIR difference spectra in the amide | vibrational

band (1606-1700 cnt?) reveal a change in the secondary structure of FEN-1 induced by substrate DNA
binding. Quantitative analysis of the FTIR spectra indicates a 4% increase in helicity upon DNA binding
or about 14 residues converted from disordered to helical conformations. The observation that the residues
are disordered without DNA strongly implicates the flexible loop region. The conversion to helix also
suggests a mechanism for locking the flexible loop region around the bound DNA. This is the first direct
experimental evidence for a binding mechanism that involves a secondary structural change of the protein.
Second, in contrast with DNA binding, no change is observed in the secondary structure of FEN-1 upon
Mg?" binding to the wild type or to the noncleaving D181A mutant. Third, the FTIR results provide
direct evidence (via the carboxylate ligand band at 1535 that not only is D181 a ligand to Mg in

the human enzyme but Mg binding does not occur in the D181A mutant which lacks this ligand.

Flap endonuclease-1 (FEN?1$ known to recognize and  recently recognized. There is evidence that calf FEN-1
cleave 5flap DNA, a common structural intermediate that functions as a'’5>3' exonuclease during nick translatid),(
occurs in the processes of DNA replication, recombination, that SV40 FEN-1 removes the last base of RNA primer
and repair {). In eukaryotic DNA replication, displacement attached to Okazaki fragments0j, and thaXenopus laeis
of an upstream primer by an incoming polymerase results FEN-1 is involved in base excision repa®)(In an in vitro
in the formation of a 5flap structure 2, 3). The B-flap replication system of HIV type 1, human FEN-1 was able
intermediates can also be formed during double-strandedto cleave the Sunannealed tail of the annealed primer, a
break repairg), homologous recombinatiod) and excision flap-like structure {1). Saccharomyces cerisiae RAD27,
repair 6—8). For DNA repair and replication, FEN-1's a FEN-1 homologue, acts to reduce nonhomologous DNA
structural recognition of the/ Blap is essential. The proposed end-joining (2) and plays an active role in preventing
mechanism by which FEN-1 cleaves théflap is as trinucleotide repeat expansion and contractid8, (L4). In
follows: FEN-1 slides along the free arm until it reaches  humans, mutations in FEN-1 may be associated with genetic
duplex DNA @), and at the junction region, it releases the diseases such as cancer, Huntington’s disease, myotonic
unannealed single-strand region via an endonucleolytic dystrophy, ataxias, and fragile X syndromks(16). Re-
cleavage §, 5). The molecular details of the DNA recogni- cently, FEN-1 also has been recognized as an alternative
tion, binding, translocation, and cleavage processes, howeverexcision repair pathway of UV damage endonuclease (UVDE)

are still unknown. for repair of UV photoproductsl{y). Thus FEN-1 is a crucial
The critical role of FEN-1 in a variety of replication and enzyme in maintaining genome integrity.
repair processes, in addition to cleavingflaps, has been Some structures of enzymes in the same family as human

FEN-1 are now known. The structures Miethanococcus
T This research was supported by the Integrated Structural Biology jannaschiiFEN-1 (Mj FEN-1) (L8) andPyrococcus furiosus

Resource (LDRD) of Los Alamos National Laboratory. FEN-1 (Pf FEN-1) (19) were recently solved. as well as the
*To whom correspondence should be addressed. E-mail: park@ e ) 19) y ’

telomere.lanl.gov. Telephone: (505) 667-5701. Fax: (505) 665-3024. Structure of T4 RNase H(), T5 exonuclease2(l), and the
1 Abbreviations: DNA, deoxyribonucleic acid; FEN-1, flap endo- €xonuclease domain of Taq polymerag@)( all of which
nuclease-1; FTIR, Fourier transform infrared; HIV, human immuno- show structural similarity to human FEN-1. All five of these

deficiency virus; IR, infraredMj, Methanococcus jannaschiPf, ; ; ; [ ;
Pyrococcus furiosuSSAXS, small-angle X-ray scattering: TNRS, enzymes have identical topology, including in the core region

trinucleotide repeats; Tris-HCI, tris(hydroxymethyl)aminomethane hy- Where _aﬂ'sheet and aSSQCiat@dhelixes form the ba_se of
drochloride; UVDE, UV damage endonuclease. the active site pocket. This pocket holds the catalytic metal

10.1021/bi002100n This article not subject to U.S. Copyright. Published 2001 by the American Chemical Society
Published on Web 02/08/2001



Human FEN-1 Binding to Flap DNA and Mg Biochemistry, Vol. 40, No. 10, 2003209

ions the enzyme needs to perform its functi@8)( The in hydrogen bonding and changes in the transition dipole
acidic groups around the metal ion binding sites are generally coupling 33—35). The frequency and intensity of the amide
conserved in this group of enzymes. Of the two metal ion | band have been empirically correlated with secondary
binding sites, one site has been found in almost exactly thestructure content3l, 32). Difference FTIR measurements
same position in each of these five enzymes; the location of are sensitive to small changes in the structure (i.e., to single
the other metal ion binding site varies. Magnesium ions are chemical bonds) induced by substrate or metal binding to
required by human FEN-1 for the-Bap DNA cleavage the protein. Finally, the ability to probe the solution structure
function. is particularly important for the analysis of disordered or
Through comparison of the amino acid sequences within flexible regions such as FEN-1's flexible loop because crystal
FEN-1's nuclease family, the conserved amino acids have packing can induce changes in such structudss %7).

been identified: Asp34, Asp86, Glu158, Glul60, Aspl79, \We have quantified the secondary structure content of
Asp181, and Asp2332¢). In human FEN-1, these seven human FEN-1 by deconvolution of the amide | band and
conserved amino acids were found in the active site pocket, find that it is 40%o-helix. Furthermore, when FEN-1 binds
all within a 7 Arange around a tightly bound Mgion (25). to flap DNA substrate, nearly 4% more of its amino acids
A flexible loop structure has been identifiedj FEN-1 are converted to-helical structure, most likely in the flexible
andPfFEN-1, the two members of the FEN-1 family whose |oop region. When excess Mgis added to FEN-1 (both
structures are known, as well as in T5 exonucled$e-( wild type and the D181A mutant), its secondary structure
21). does not appear to change. The carboxylate vibration band
In contrast to the hole-forming structures in topoisomerase (~1535 cn1?), however, is sensitive to Mg binding to
(26, 27) and DNA gyrase B protein2@), which are able to  FEN-1. Thus, in addition to providing evidence of changes
hold double-stranded DNA, the flexible loop structures in in secondary structure, FTIR spectroscopic data provide
FEN-1 and T5 exonuclease encircle a hole just big enoughevidence of metal binding.
to accommodate a single-stranded DNA molecule. On the |t is known that M@* must be present for FEN-1 to cleave

basis of the size of this flexible loop structure and the basic {5, pNA and that the seven conserved acidic amino acids
charge distribution on the inside of the loop, it has been jneract with two Md* ions in the active site pocke8§).
proposed that TS exonucleasd, FEN-1, andPf FEN-1may  mytations of FEN-1 have been produced in which each of
translocate DNA to the cleavage site by a threading mech-ihe seven conserved amino acids localized near th& Mg
anism (8, 21). Alternatively, from a study of the effect of  pinging sites have been exchanged with alanine. The binding
flap modification on FEN-1 cleavage, the flexible loop's role  affinity and cleavage activity of each mutant have been
was suggested as the thumb subdomaB). (In the latter,  reported 4, 25). Out of these seven FEN-1 mutants, only
nuclease tracks along the freeemd with a structure which  the D181A mutant has shown a binding affinity to flap DNA
does not_fully enclpse the flap. Thg p_rotein structure is Open that is close to that of wild-type FEN-1 (D181K, = 7.5
on one side, allowing enough flexibility for the flap to slide ). wilg type, Kq = 8 nM). It appears that the amino acid
past the loop region. in the 181 position can be exchanged without affecting the

Hosfield et al. determined the crystal structure of Bfe  enzyme’s binding capability, which suggests that the amino
FEN-1 protein and postulated that the flexible loop structure 4¢iq in the 181 position is not involved in binding to DNA
changes upon DNA substrate binding on the basis of the gpstrate. Conversely, it appears that the amino acid in
flexibility, location near the active site, and size of the loop osition 181 is crucial for cleavage capability. Mutagenesis
(19). Without a structure of the bound DNA complex, ang kinetics analyses indicate that the Asp181 residue in
however, this remains to be proven. They also showed thatwild-type FEN-1 is critical in substrate catalys@5{. The
D175 in Pf FEN-1, which corresponds to D181 in human gata we present here show that Asp181 binds té"Mtne
FEN-1, is bound to M and postulated it as a Mgligand needed cofactor for cleaving flap DNA.
in the human enzyme, but again this remains to be demon-
strated experimentally. EXPERIMENTAL PROCEDURES

We have investigated structural changes in human FEN-1
as it binds to M&" and to the flap DNA substrate to better Protein Purification.The human FEN-1 protein expression
understand the mechanism of the enzyme’s nuclease activityand purification were carried out according to the methods
In a previous study, we obtained global structural information of Nolan et al. 88). The FEN-1 was eluted from the column
on human FEN-1 by performing small-angle X-ray scattering. poured with TALON Superflow resin (Clontech Laboratories,
We found no change in human FEN-1 upon its binding to Inc.) using the elution buffer (20 mM Tris-HCI, pH 7.9, 0.5
Mg?*, but we found that FEN-1 became more compact upon M NaCl, and 300 mM histidine). It was further dialyzed in
binding to the flap DNA substrate3(). Tris-HCI buffer (pH 7.9) with 100 mM NaCl, 10 mM

In the work presented here, we performed Fourier trans- 2-mercaptoethanol, and 10% glycerol and then concentrated
form infrared (FTIR) spectroscopy to look for conformational in & Centriprep-10 (Amicon, Inc.) concentrator. Final con-
changes in human FEN-1 as it binds toM@nd as it binds ~ centrations were determined by small-angle X-ray scattering
to the flap DNA substrate. FTIR spectroscopy has proven (SAXS) using lysozyme as a standard. The purity of the
to be a powerful technique for studying the secondary concentrated protein samples was checked by overloaded
structure of proteins and for tracking structural changes in SDS—polyacrylamide gel electrophoresis (PAGE). The re-
proteins upon ligand binding3(, 32). The amide | (1606 sulting single bands showed99% purity.
1700 cnl) vibrational band arises primarily from the=€ Preparation of the 34-mer Flap DNA Substraiéhe 3-
O vibration in the peptide backbone. The frequency of the flap DNA substrate (34-mer, &&CCCCCATGCTACGTTTT-
carbonyl stretch is exquisitely sensitive to structural changesCGTATACGTTTTCGTA-3) was synthesized by the solid-
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phase phosphoramidite method using an Applied Biosystems
synthesizer. We designed a single oligonucleotide which
readily forms a 5flap structure: it contains two Watsen
Crick duplex arms folded by TTTT loops39) and a 10-
base-long 5flap single strand. This DNA fragment, the
substrate, was purified by eluting the material through a
POROS R2/H reverse-phase chromatography column, fol-
lowed, if necessary, by eluting through a POROS HQ/M
anion-exchange chromatography column. These procedures
were performed in a Bio-Cad Workstation 700E (PerSeptive
Biosystems). e e e e

The purity of the substrate was analyzed using a TBE- B
UREA gel (Novex) and found to be more than 98% pure. 507
Nuclear magnetic resonance spectroscopic analysis was used
to establish that flaps did indeed form in the DNA substrate. < 07
Electrophoretic mobility shift and flap endonuclease assays
were used to determine the suitability of the newly designed
substrate for FTIR spectroscopic analysis.

Confirmation of Binding and Endonuclease Adi. The -100
binding of both proteins (wild-type FEN-1 and the D181A
mutant) to the synthesized substrate was confirmed by gel L L L L L L
shift assay, after the'fend of the DNA flap substrate was 1500 1550 1600 1650 1700 1750
labeled with®?P. The monomeric complex formation between Wavenumber
the proteins and flap DNA was confirmed by SAXS0). Ficure 1: Fourier transform infrared (FTIR) absorbance spectrum

To confirm that our wild-type FEN-1 cleaved the flap (A) and the second derivative (B) of wild-type FEN-1 shown in

- the amide | spectral region. The curves beneath the absorbance

DNA substrate and that our D181A mutant did not, we gpectrum in ?A) are t%e individual Gaussian subcomponents
assayed the flap endonuclease activity of the proteins via aobtained from a spectral deconvolution, as described in the text.
flow cytometry-based nuclease assay syste38).(The
presence of My is required for DNA cleavage, so the sample is the average of the data from the 1024 scans.
proteins were placed in the presence of the flap substrateDifference spectra, as well as the second derivatives of
and Mg*. Endonuclease activity was also observed with selected spectra, were calculated from the IR absorption
time-resolved SAXS measuremer(go). spectra. The reproducibility of FTIR data was confirmed by

FTIR Spectroscopic Data and Analysfésorption spectra  more than four repetitions of each experiment using different
were obtained from (1) wild-type FEN-1 alone, (2) wild- preparations of FEN-1 protein and flap DNA substrate for
type FEN-1 in the presence of flap DNA substrate, (3) each experiment.
D181A mutant alone, (4) D181A mutant in the presence of  The deconvolution of the amide | band was accomplished
Mg*", and (5) wild-type FEN-1 in the presence of Mg ysing a routine written in Igor (Wavemetrics, Inc.) to perform
The infrared (IR) spectra were obtained using a Bio-Rad 3 | evenbererMarquardt nonlinear least squares optimization
FTS-40 FTIR spectrometer. The protein samples were it to a multi-Gaussian function. The number and positions
dialyzed against a fD buffer to provide a spectral window  of the Gaussian subcomponents were determined from the
in the amide | range. Final FEN-1 protein concentrations second derivative of the absorbance spectra. Five subcom-
used in the FTIR study were-2 mg/mL or lower. The  ponents at frequencies determined from the minima of the
protein and flap DNA substrate had a 1:1 stoichiometric second derivative in the spectral region between 1600 and
molar ratio. Th_e same protein concentrations were applied 1700 cnt! were defined as the starting parameters of the
for both the wild type and the D181A mutant. Kigwas it The intensities and bandwidths were allowed to float in
added in the amount of 10 mM (the molar ratio of M the curve fitting procedure. Allowing the frequencies to float

protein is~210). in a second optimization step did not significantly improve
The FTIR spectrometer has a dual-compartment cell thatne quality of the fit.

holds a 1QuL sample suspended in buffer on one side and
the buffer alone on the other side. The sample and referenceRESULTS
sides of the cell are identical compartments formed between

-3

Absorbance x 10
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two 25 mm diameter CaRwvindows Separated by a 50n Secondary Structure of WiId-Type FENThe correlation
Teflon spacer. Water vapor was purged from the sample cellof frequencies of amide | subcomponents with specific
with N gas, and the data were acquired &C7 secondary structures is an area of active research. In some

For each sample, both compartmertise sample sus- ~ cases, particularly the-helix, the subcomponent frequencies
pended in buffer and the buffer alonevere scanned 1024  are well established3@, 40). Our data show that the major
times. An automated shuttle was employed to collect the absorption spectrum of the wild-type FEN-1 peaks-a650
sample and buffer reference spectra sequentially for eachcm * (Figure 1A). Absorption in this vibrational band
scan, thereby minimizing the effect of instrument drift. The corresponds ta-helical structure.
protein absorbance spectrum is computed from the ratio of The second derivative of the absorption spectrum of wild-
the single beam spectra of the sample to the referehee [ type FEN-1 in the amide | region (Figure 1B) is dominated
—log(§R)]. The final IR absorption spectrum from each by a large minimum at~1650 cn1?, confirming that
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Table 1: Secondary Structure Content of FEN-1

FTIR (human FEN-1)
subcomponent (cmi)/

X-ray structure
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fraction (%) assignment PfFEN-1 Mj FEN-1 =
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1632/14 B-sheet 13 13 §
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Ficure 3: FTIR spectra of wild-type FEN-1 in the presence and
absence of MY (A) and the difference FTIR spectrum, wild-type
FEN-1 with Mg+ minus wild-type FEN-1 alone (B), shown in the
amide | spectral region.

doD x 107
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Ficure 2: FTIR spectra of wild-type FEN-1 in the presence and
absence of flap DNA substrate (A) and the difference FTIR
spectrum, wild-type FEN-1 with flap DNA minus wild-type FEN-1
alone (B), shown in the amide | spectral region.

that approximately four new helical turns arise when FEN-1
binds to DNA. Furthermore, the broad peak associated with
the disordered or loop structure (centered at 1640'%iis
decreased in conjunction with the observed increase in the
helix peak. Thus, the helix is formed at the expense of the
disordered or loop structure upon DNA binding. This
observation strongly implicates the flexible loop region of
FEN-1 since this is the only stretch of disordered structure

(based on the crystal structures of FEN-1 homologues) long
a-helical structure is predominant in FEN-1. The second enough to account for the observed conversion. Finally, there
derivative shows several other smaller minima, indicating is a frequency shift in a band (1596 1570 cn1?) that we
additional subcomponents in the amide | vibrational band, assign to the asymmetric stretch of a carboxylate band that
corresponding to additional secondary structure types. Theis perturbed upon DNA binding. The exact mechanism for
deconvolution of amide | into subcomponents according to this perturbation is unclear, as it could equally be caused by
the procedure described above is shown in Figure 1A. Thea change in hydrogen bonding, or metal bonding, or degree
frequencies, relative areas, and assignments of each subef exposure to solvent.
component are summarized in Table 1. The assignments are Wild-Type FEN-1 Binding Mg. The absorption spectrum
based on empirical correlations previously established for of wild-type FEN-1 alone was compared with the absorption
proteins of similar secondary structure conte3g @0). The spectrum of wild-type FEN-1 in the presence of M¢Figure
secondary structure content determined from X-ray crystal- 3A). Comparison of the two spectra in the amide | vibrational
lography for homologous FEN-1 proteins is also given in band shows that the structural composition of wild-type
Table 1. The agreement is within the error of the deconvo- FEN-1 is not changed by the addition of Kig At 1650
lution process, suggesting that the secondary structure contentm*, the wavenumber correlated witirhelical structure,
of the human protein is very close to that of the bacterial there is less than 0.25 mOD difference between FEN-1 alone
ones. and FEN-1 in the presence of ¥fg Relative to FEN-1's
Increase ina-Helical Structure upon Binding to Flap  absorbance of 80 mOD, this is a change of less than 0.5%.
DNA. Absorbance of the wild-type FEN-1 sample wasS0 A distinct change in a carboxylate band of wild-type
mOD at~1650 cn®. When flap DNA substrate was added FEN-1 (~1535 cm?) was generated by the presence ofMg
to FEN-1, the absorbance at1650 cnm! rose by~2 mOD (Figure 3B). The asymmetric stretch of carboxylate occurs
(Figure 2), an increase of about 4% over the original 50 mOD in the 1536-1590 cn1? range; the exact frequency depends
absorbance. This means that approximately 4% of FEN-1's on the mode of binding (mono- or bidentate) and on the
amino acids form nevae-helixes. Considering that FEN-1  relative strength of hydrogen bonding or metal bonding, with
has 380 amino acids in total, approximately 14 amino acids stronger bonding producing a weake+0O bond and hence
are involved in the new helical structure. Sine8.6 amino a lower C=0 frequency. The protonated carboxylic acid
acids are required to form one helical tudi), we suggest  group has a single=€0 stretch at higher frequency, between
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150 binds, and cleaves the'-Bap DNA substrate and the
— DisiA : A interaction and role of Mg within the active site pocket of
— D1B1A + MG /‘\ FEN-1 still have not been well illuminated.

-3

100 In previous researct2p, 26), the seven conserved amino

acids (Asp34, Asp86, Glu158, Glu160, Aspl179, Aspl181, and

: Asp233) of human FEN-1 were recognized through com-

50 7 : parisons with the sequences of other FEN-1 family members

/\/ (20). From the crystal structure of T4 RNase H, which is
structurally similar to FEN-1, the position and orientation

of each amino acid around the magnesium ions in human

B e e R SIS FEN-1's active site pocket were proposgtb). Recently,

4 B the locations of these conserved amino acids around the metal

ions were confirmed when the crystal structureMpFEN-1

2 (18) and Pf FEN-1 (19) were solved. The locations of the

metal ions were also identified.
o—/‘\,/\\//\/\"mww In the metabolism of DNA polymerases, nucleases, and

ligases, magnesium is frequently a required cofactor for the
-2 o enzymes. This divalent metal is commonly ligated to acidic
——(D181A +Mg™) - D181A amino acid residues in the active site of enzymes, where it
-4 interacts with water molecules. The resulting nucleophile
LU L B L L L L LA breaks phosphodiester bon@d); Since the magnesium ions

1500 1550 1600 1650 1700 1750 are essential in human FEN-1's reaction with its DNA
Wavenumber substrate, it has been hypothesized that the magnesium ions’

ZESUeRnECgiofFI\TA%B (ip)eggg t?lfe%%f?:énzgl\ll:-%lIi?ns,th:ct%eniegcfsfgd activation of FEN-1 causes conformational changes that
FEN-L with Mg minus D181A alone (B), shown in the amide | €11able FEN-1 fo cleave the DNA subsiraB)( We tested
spectral region. this hypothesis using small-angle X-ray scattering and found
no global structural change in human FEN-1 upon the

1700 and 1760 cni. The absence of any peak in the addition of the M§" cofactor @0).
protonated range in the absorbance spectra of FEN-1 with In the research presented here, we used FTIR spectroscopy
and without M@ clearly indicates that all of the carboxylic ~ to analyze whether any changes in FEN-1's local structure
acid groups are ionized at the experimental pH of 7.9. The occurred upon binding to Mg. Consistent with previous
spectral change induced by addition of #gs an increase ~ SAXS results 80), no reorganization was observed in the
in intensity but not a shift in frequency. These observations secondary structure of either wild-type FEN-1 or the D181A
are consistent with Mg binding to an already ionized ~Mmutant (see 16001700 cnt* band in Figures 3 and 4). In
carboxylate group or groups, with a concomitant increase addition, the interaction of wild-type FEN-1 with Mg
in IR intensity. An intensity change without a corresponding turned out to be mediated by Asp181 only, based on the IR
frequency shift, together with the unusually low frequency absorption spectrum of the D181A mutant which showed
of this band, suggests that this group is strongly hydrogen that its carboxyl groups were unaffected by the addition of
bonded in the absence of Ky perhaps to water, and that Mg** (see~1535 cnt* band in Figures 3 and 4).
the Mc?* is bound in a bidentate fashion by the carboxylate ~ These results suggest that the functions of the two
group. magnesium ions are distinguishable. The one magnesium ion,
D181A Mutant.The absorption spectrum of the D181A which seems to be bound tightly in the active site pocket, is

mutant indicates that the general composition of its secondarynhOt afrf]eclsed t;y the p{es.ence of s.(ﬁditioa al ?ngft s "k‘?'y f
structure is the same as that of wild-type FEN-1 (Figure 4A). that the first ion's role is to stabilize the conformation o

However, the difference spectra of the D181A mutant alone € overall structure of FEN-1. To keep FEN-1's structure
minus D181A in the presence of Migshows very small stable, the carboxyl groups of conserved amino acids Asp34,

(<0.5%) changes (Figure 4B); in particular, the large Asp86, Glul58, Glul60, and Aspl79 coordinate with the

carboxylate feature in the wild-type difference spectrum is 'St magnesium ion as ligands on the inside of the active
absent for D181A, suggesting that Mgdoes not bind to site pocket. The suggested role of this first metal ion is
the latter. Since wild-type FEN-1's spectral changes reveal ;ul\?port?_'d _?_35/) Its hlghlly conser\ée_(lzl posﬂ:on My FEN-1,

that it does bind to M§ and the only difference between h'af\eh ’ exo?uc ease, an I .agllp(_) ymerase enzymes,
wild-type FEN-1 and the D181A mutant is the amino acid WNich have very close structural similaritg3).

in position 181, it is clear that the wild-type's Asp181 is In contrast, the second magnesium ion is not essential_ to
binding to Mc?*. Therefore, Asp181 can be assigned as one the structure of FEN-1 and may even be absent in the resting
of the amino acids that int’eract directly with Rig enzyme. FEN-1 binds to the DNA substrate without cutting

it in the absence of divalent catiori @4), further evidence
DISCUSSION that only one tightly ligated metal ion is enough for stable
protein conformation. It seems that, with the protein structure
Recent work has highlighted the important role that FEN-1 stabilized by the first metal ion, FEN-1 is capable of binding
plays in DNA replication and repair through its function of to the DNA substrate, although it cannot cleave the substrate.
recognizing and cleaving thé-Bap DNA structure 42, 43). Our FTIR spectroscopic data provide evidence that when
However, the mechanisms by which FEN-1 recognizes, wild-type FEN-1 is in the presence of additional Mg

Absorbance x 10

dop x 10°
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Aspl81’s carboxyl group binds a second magnesium ion. into helical structure. We are currently investigating the
Initially, Asp181 is exposed on the outside of the active site effects of specific mutations in this loop region on the
pocket, enabling it to interact with the second magnesium structure and stability of the DNA complex.

ion and mediate the ion’s introduction into the inside of the
active site pocket.
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We propose two potential roles for the second magnesium 1 \yrante, R. S., Huang, L., Turch, J. J., and Bambara, R. A.

ion. The first role is to flag the active site via Asp181 and
then guide the DNA into the appropriate configuration for
cleavage by the enzyme. The second role is to act as a Lewis
acid to activate a nucleophile, which breaks phosphodiester
bonds in the substrate cleavage process.

The cleavage reaction requires the presence of FEN-1,
Mg?*, and the flap DNA. The mode of the cleavage reaction
is not known in detail. It could be that the second magnesium
ion binds to Asp181 and then attracts the DNA to the
enzyme’s active site. Or, since we found in our last study
that Mg?" interacts readily with DNA 30), the second
magnesium ion might initially bind to the DNA. The DNA
would then be introduced to FEN-1’s active site through the
interaction between its magnesium ion and Aspl181. Either
way, once the proper configuration is in placemagnesium
ion in the middle, bound to Asp181 in FEN-1's active site
on one side and bound to the DNA on the othee postulate
that FEN-1 is able to initialize its suggested function of
scanning of the DNA substrate, recognizing thefl&p
structure, and cleaving it.

The study of E160D FEN-1 by Frank et adi4) showed
that FEN-1's Glul60 plays a role not only in substrate
binding but also in the cleavage process. Probably, its
involvement in cleavage happens after Asp181 has bound
the DNA in its proper configuration. Turning to our findings
about structural change in FEN-1, our FTIR spectroscopic
data indicate that FEN-1 forms approximately four new
helical turns upon binding to the flap DNA substrate, with
a concomitant loss of disordered or loop structure. This
secondary structure alteration may occur either due to flap-
specific binding or due to nonspecific DNA double strand
binding since our binding assay still showed FEN-1's binding
activity to double strand DNA (data not shown). This new
a-helical structure is most likely formed in FEN-1's flexible
loop, both because this is one of the few regions of the
protein with a run of disordered or flexible structure
sufficiently long enough to accommodate four new turns of
o-helix and because, functionally, the nemhelixes would
tighten the flexible loop around the DNA substrate it holds
(29).

Disorder in protein structures such as the flexible loop in

FEN-1 has been found locally and globally in numerous 26.

X-ray and NMR structures of protein37, 45—49). In many
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