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The Tyrosine Photophysics of a Primase-Derived Peptide Are Sensitive to the
Peptide’s Zinc-Bound State: Proof That the Bacterial Primase Hypothetical Zinc
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ABSTRACT. A 35-amino acid peptide corresponding to the putative “zinc finger” sequence of primase was
prepared to study its zinc binding properties. When zinc was added to the peptide, it was found that the
fluorescence quantum vyield of the single tyrosine increased by 46% and the average lifetime by 34%.
The binding stoichiometry was one zinc per peptide. Below pH 6.0 and above pH 8.5, th@epice

binding affinity was less than AM and could be accurately determined. Interpolation from those binding
constants suggested that the affinity at pH 7.5 was between 10 and 100 nM. The absorption spectrum of
the cobalt(ll}-peptide complex was consistent with tetrahedral metal coordination by three sulfur and
one imidazole nitrogen ligands. The peptide affinity for cobalt was less than for zinc, indicating metal
specificity. Analysis of the fluorescence intensity pH profile, circular dichroism spectra, the effect of
extrinsic quenchers indicated that at neutral pH (1) the free peptide folded up into a structure to place the
tyrosine in an environment protected from solvent, (2) the peptide bound zinc via its three cysteines and
one of its histidines resulting in little change to the polypeptide secondary structure or to the tyrosine
solvent accessibility, and (3) when the peptide bound zinc, it bound directly to or caused the immobilization
of the groups that had been intramolecularly collisionally quenching the tyrosine which resulted in the
observed increases in tyrosine quantum yield and lifetime.

Primase plays the central role at the replication fork during within the framework of recent sequence analyses of bacterial
DNA synthesis (Kornberg & Baker, 1992; Marians, 1992). and bacteriophage primases and bacterial and eukaryotic
It is the single-stranded DNA-dependent RNA polymerase RNA polymerases (llyina et al., 1992; Versalovic & Lupski,
that initiates DNA polymer synthesis once for the leading 1993). Several regions of adjacent invariant residues have
strand DNA polymerase and multiple times for the lagging been identified and functions for some of the motifs have
strand DNA polymerase. Leading strand synthesis is initi- been hypothesized or proven.

ated by primase at the replication origin after origin-specific The most highly conserved sequence in primase is a
protelns and enzymes have opened the duplex DNA at thatputative zinc finger located at roughly residues—3®
site. After a replication fork has been created, lagging strand (Griep, 1995 llyina et al., 1992; Versalovic & Lupski, 1993).

synthesis is initiated by primase once every 50000 Even thou Lo : b
. > gh the term zinc finger was coined for a specific
Egﬁg)stédi?va;ézetgspgﬁafgxn I;(l)\lr; ¢ :tcrtgaetefotrrll(é Isjigai_ instance (Miller et al., 1985), the term has evolved to include
. P ; 9 any moderate length of polypeptide that is capable of binding
stranded DNA that is the template for primase and then the : ; . .
one or two zincs and usually has discrete functionality (Klug

replcation als0 involves primase (Grompe et al. 1001) but & Schwabe, 1995; Schmiedeskamp & Kievi, 1094; Vallee
' & Auld, 1993). E. coli primase binds one zinc per

in a manner yet to be established. . o
. . _— polypeptide (Stamford et al., 1992), and it is ligated by three
coﬁv?inmtggg?shlzggvsr?%l-sirpt?r?gcg Sleggg)ngsﬁzeerfmgu h cysteine sulfhydryls (Griep & Lokey, 1996) consistent with
therg are several primase-over raducin strains availaglethe sequence prediction. -One role of the zinc is to prevent
there is no high—res[,)olution primaEse structgure upon which to inhibitory disulfide bonds from forming (Griep & Lokey,
1996). This may be a common protein role of this biologi-

base structure/function studies. Most of the information . L .
concerning the functional domains of primase can be placedCally abundan_t, low redox active meta_ll (Bertini .& LUCh'r_'at’

1994). The high sequence conservation of residues adjacent
to the zinc ligating residues suggests that they also play an
" This work was supported by funds from the UNL Center for jmportant role in enzyme structure or function. Potential
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Program to B.J.A. presented that the role of the zinc in sequence-related
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Table 1: Fluorescence Lifetimes bfAcetyltyrosinamide

1° 3¢ 2-component fit
Vi %2 P a 71 (NS) a 72 (NS) <7> (ns) conditions reference
14 3.1 2.6 0.96 1.52 0.04 0.21 1.47 2B, ex 280, all em this work
0.86 2.22 0.14 0.93 2.04 %, ex 284, em 302 Laws et al., 1986
86 2.8 0.65 1.657 0.35 0.111 1.12 20, ex 286, em 300 interference filter Lakowicz et al., 1987

aThe values from this work were obtained as described under Experimental Procedured.reBiduals goodness-of-fit values were determined
for 1-, 2-, and 3-component fits. The lifetimes and amplitudes for our best fit are sida@omponent fit® 3-Component fit.

(Wu etal., 1992; Zechner et al., 1992). In a study of primase Fluorescence Steady State Measuremerfthe steady
activity alone, the rate-limiting step was identified as either state fluorescence measurements were made using an Aminco-
formation of the first phosphodiester bond or, more likely, Bowman 2 spectrofluorimeter controlled by an IBM running
a step preceding it (Swart & Griep, 1995). Understanding OS/2. The sample compartment was maintained at 30.0
how the structure of the primase zinc finger achieves 0.1°C and the quartz cuvette was 1x00.4 cm in size with
trinucleotide-specific initiation is therefore central to under- path lengths half those lengths. The excitation and emission
standing this signature primase function. As the first step bandwidths were each set at 4 nm during the zinc titration
toward elucidating the structural role of the zinc in primase, experiments. The emission bandwidth was lowered to 1 nm
we chose to have a peptide synthesized with the most highlyduring the quantum yield and emission spectral measure-
conserved residues in the sequence. The fluorescencenents. All measurements have been corrected for back-
intensity of the single tyrosine has proven to be a sensitive ground fluorescence, dilution effects, and instrumentation
monitor of the metal-bound state of this peptide. effects.

EXPERIMENTAL PROCEDURES: Quantum yields were determined using the relationship
Ox = (FAveidre) (FreiAx), Whereg was quantum yieldA was

. absorption at the excitation wavelengthwas area under
peptide KNFHA LCPFH NEKTP SFTVN GEKQF YHCFG 0 f0rescence emission curve, and the subscrigtad

CGAHG was synthesized on an Applied Biosystems 431A \ot \yere the unknown and the reference samples (Parker &
Peptide Synthesizer using Fmoc chemistry. The underlinedp,qoq 1960). The concentrations of the unknown and

Ieuci_r(wje ig_f;he sfequenr?e sigr;_ifies.éhe position at which the reference were adjusted so that their absorbances were less
peptide diiers from t EE coll residues 34.69' Ir_1_most . than 0.050 to prevent any inner filter effects (Lakowicz,
bacterial primases, leucine is located at this position but in 1983). The reference quantum yield fsracetyltyrosina-

E. coliit is a cysteine. To eliminate anticipated problems | .qa"\vas 0.14+ 0.01 (Chen, 1967; Longworth, 1983)
that might accrue from this nonessential cysteine the peptide ' o ’ ’ o '
Fluorescence Lifetime MeasuremeniBEyrosine fluores-

was prepared with the preferred leucine. The crude peptide S ; i
was separated from synthesis reagents on a preparative C18€Nce decay lifetimes were obtained by frequency domain
column using a 0.5%/min acetonitrile gradient. The peak 2nalysis at the Aladdin Biofluorescence Center (Aladdin
peptide eluted at 36.8% acetonitrile, very close to the elution Synchrotron, Stoughton, WI) with the assistance of Gedi-
concentration of 37% predicted by a program written using Minas Vidugiris. The main harmonic was pulsed at about
published amino acid/C18 partition coefficients (Griep & °0-3 MHz and the minor harmonic at 3.14 MHz. A
Mesman, 1995: Sasagawa et al., 1982). Amino acid ana|ysismonochrometer was used to se[eqt an excitation Wave_length
of the pure peptide indicated that the concentration of each©f 280 nm from the 800 mA radiation, and all light emitted
of the expected residues were present to within 8% of the & @ 90 angle from the excitation beam was used as the
average residue concentration, except serine at 65% of the€Mission signal. The lifetimes were determined relative to
average and cysteine at 85%. The low recoveries for these?® 91yc0gen scattering solution, the concentration of which
residues was typical. Analytical C18 HPLC indicated that Was chosen to scatter light with an intensity equal to that of
the pure peptide consisted of only one eluting species. (N€ fluorescing sample. The peptide concentration was
Matrix-assisted laser desorption mass analysis with a Brukerhigher than 5:M. For each sample, the phase shift and
BenchTOF indicated that the pure peptide was greater thand€modulation of the emitted light relative to the absorbed
97% single species and the major contaminants were of muchlight were measured at nine integrals of the minor harmonic
lower molecular weight. Representing less than 3%, the frequency from 6 to 450 MHz. The lifetimes were obtained
potential fluorescence contributions of these species wereffom these data by the method described by Lakowicz et al.
ignored. (1987) using the Globals Unlimited software. Basically,
The concentration of native, denatured and zinc-bound these values were fit to a multicomponent equation by a
peptide were determined using an extinction coefficient of Nonlinear least-squares procedure to obtain the amplédude
1335 M1 cm-1at 280 nm. This value was calculated using and lifetime; of_ each fluorescing speciesin the sam_ple _
an extinction of 11 for each of its five phenylalanines and Where the amplitudes were constrained by the relationship
1280 for its single tyrosine. It was found that the absorbance 2& = 1. Fits to the data were generated assuming one, two,
spectrum of the peptide did not differ whether it was OF three species and the goodness-of-fit determineg®by
dissolved in 0.1% trifluoroacetaten i6 M guanidinium  The smaller the? the better the fit. The mean (amplitude-
chloride, in pH 7.5 buffered solution, or in the presence of Weighted) lifetime<z> was calculated from a..
zinc indicating that the same extinction coefficient could be  To establish that the instrumentation could be used to
used for each peptide structural state. Unless otherwisemeasure tyrosine lifetimes, the control compolécetyl-
stated, the buffer for all experiments was 50 mM HEPES, tyrosinamide was tested (Table 1). It had a lifetime that was
100 mM potassium glutamate, pH 7.5, 5 mM DTT. well-described by a 2-exponential decay with an average

Peptide Synthesis, Isolation, and Puritfhe 35-residue
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lifetime of 1.47 ns. A biexponential decay has been emission inner filter effect because the acrylamide extinction
previously reported for this compound (Lakowicz et al., coefficient at 305 nm was negligible. Since the acrylamide
1987; Laws et al., 1986) and our component amplitudes andquenching data demonstrated pronounced upward curvature
lifetimes were similar but not identical to those previously in a classical SteraVolmer plot, the data were fit to a
reported. The difference with the values reported by Laws modified equation (Eftink & Ghiron, 1976F/F, = 1/(1 +
et al., average 2.04 ns, might be explained by the different Ks,[Q])eVI?l, where V represented the static quenching
temperatures used, 5 versus our@5 The difference with  constant and was related to the volume surrounding the
the values reported by Lakowicz et al. was primarily in the fluorophore in which the quenching agent can cause quench-
amplitudes and not the lifetimes; component 1 amplitude wasing without actually colliding with the fluorophore. The
0.65 versus our 0.96. The difference might be due to the effective volume element was related to the sphere radius
reference method used, we used glycogen total light scat-by V = Na47zr3/3, whereNa was Avogadro’s number.
tering. We concluded that synchrotron radiation provided The intermolecular collisional quenching constant was
an adequate source of wavelength-selectable light whichdetermined fromk, = Ksv/<70>, Where <zo> was the
yielded data with goodness-of-fits as good as reported by average fluorescence lifetime in the absence of quencher.
others. This quenching constant contained information about the
Relationship between Fluorescence Quantum Yield anddiffusion collision rate of the fluorophore and quencher, the
Lifetime When an excited state fluorophore relaxes to its quenching efficiency of the quencher, ftaesea the fraction
ground state, it loses energy by radiative and nonradiative of fluorophore that was accessible to the quencher, and size
processes. The radiative process in our case is fluorescencef the macromolecule to which the fluorophore was attached
and the nonradiative processes include vibrational dissipation,(Johnson & Yguerabide, 1985). The ratig(peptide)/
intersystem crossing from the excited singlet to the excited kq(indole) eliminated the effects from the quenching ef-
triplet state, energy transfer, and dynamic quenching. Theficiency and was used to obtain a qualitative assessment of
average time that the fluorophore spends in the excited statefrac.posed The values used fdg(indole) (Eftink & Ghiron,
is called the fluorescence lifetimeand is represented hy 1981) were 7.1x 10° M1 s71 for acrylamide, 6.4x 10°
= 1/(k + Yka) wherek. and ky are the first-order rates of  M~1 5! for iodide, and 1.1x 10° M~! s~* for cesium.
the radiative and nonradiative processes. The fluorescence cjrcular Dichroism MeasurementsThe circular dichro-

quantum yieldy is the fraction of excited state molecules gy spectra were made using a JASCO J-600 spectropolar-
that decay by a radiative process and is determinel 5y jmeter (Easton, MD) and were collected and analyzed using
k,/(k,+2kpr)._These equations |nd|cate that thg relationship he company software. The bandwidth was 1 nm, the
between lifetime and quantum yieldgs= kz. Since both  gensitivity was 20 mdeg/fs, the time constant was 16 s, the
lifetime and quantum yield can be measured, this latter scanning resolution was 0.2 nm, and the scan speed was 5
equation allows the determination &f When there are  nmmin, Prior to each scan, the background was set using
multiple fluorescent species but no information relating them ¢ appropriately pH-adjusted solvent. Each spectrum
to actual conformational species, the average radiative raterepresents the average of four scans which were then

constant can be calculated from the equatidt> = ¢/<7>.  gmgothed over a 1-nm range. The samples were placed in
Having determined the radiative rate constant, it is possible 5 ¢,vette with a 0.1 cm path length.

to determine the average sum of the nonradiative rate
constants<} k> from either of the other relationships.
Dynamic Quenching Measurementsluorescence quench-
ing caused by intermolecular quenching agents was analyze
using the Stern and Volmer approach (Stern & Volmer
1919). Small aliquots fnrm 4 M stocks of potassium iodide,
cesium chloride, and acrylamide were added sequentially into

peptide (10uM) solutions containing either 12M zinc than the usual Sterivolmer equatiorFo/F = 1 + Ksy[Q]

acetate or 3 mM EDTA, and the fluorescence_ intensity because the signal response Wad not 1F (Eftink, 1991).
measured as above. The buffer for these experiments was

50 mM HEPES, 100 mM potassium glutamate, 5mM DTT, ResuULTS

pH 7.5. The iodide and cesium quenching data were

analyzed by the equation for collisional quenché&i§;,, = Primase Zinc Finger Sequence/Structure Analysitie

1/(1 + Ksv[Q]), whereF was the fluorescence intensity at a goal of this study was to establish whether the predicted zinc
given quencher concentratiorf,, was the fluorescence ligating sequence of primase could bind zinc. Previous

Data Equation Fitting. Data from all experiments were
fit to their respective equations by the nonlinear least-squares
pproach using Excel 5.0 (Microsoft Corporation) and the
IT! program (WindowChem Software, Fairfield, CA).
' Equations used were chosen so that the response values were
correctly weighted. As an example, the extrinsic quenching
data were fit to the equatioR = F/(1 + Ks\[Q]) rather

intensity in the absence of quench&ky was the Sternr sequence analyses using fewer primase sequences (Griep,
Volmer quenching constant, and [Q] was the quencher 1995; llyina et al., 1992; Versalovic & Lupski, 1993)
concentration. determined that bacterial and bacteriophage primases have

The acrylamide quenching data had to be corrected for similar arrangements of identical and conserved residues
the excitation inner filter effect (Lakowicz, 1983) using the within their linear sequences. The residues with the highest
relationshipF’ = F antilog(ededacrylamide]/2), wherd~ degree of conservation were near the amino-terminus and
was the transmittance-corrected fluorescence intersiias consisted of a putative zinc binding sequence. When the
the fluorescence intensity (corrected for background and currently available bacterial sequences were aligned (Figure
dilution as usual)gex was the acrylamide extinction coef- 1), it indicated that the most highly conserved residues were
ficient at the excitation wavelength (3.51 Mcm™ at 280 those that occur between the putative zinc binding residues
nm), andle was the excitation light path length (0.5 cm) cysteines 40 and 64 of the sequence fremcoli. The
(Lakowicz, 1983). There was no need to correct for the putative zinc finger sequence from the bacterial primases
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Primary Structures bacterial primases. Of the remaining sequence matches, very
E. coli 30-KKQUKNFHAC CPFHNERIPSFTVNGERQFYACFGC GAHGNAIDFLM -
S. typh 30-KKQGKNYHAC CPFHNEKTPSFTVNGEKQFYHCFGC GAHGNAIDFLM few were metalloproteins. In those matches that were
. infl  30-KKAGRDYQAC CPFRREKTPSFTVSQRKQFVICFGC GAHGNALSFLM metalloproteins, there was no instance in which the cysteine
L. mono 29-KKQGRNYSGL CPFHGEKTPSFSVSPEKQMFHCFGC GKGGNVFSFLM T .
B. subt 30-KKQGRNYFGL CPFHGESTPSFSVSPDKQTFHCFGC GAGGNVFSFLR and histidine were both ligated to the metal. There were
C. acet 31-KRTGRNYSGL CPFHHEKTPSFSVSQDKQIYKCFGC GEAGNVITEVM i ; ; ; TS
L. lact 29-SRTGKNYIGL CPFHGEKTPSFNVNAEKGFYHCFGC GRSGDAIEFLK several protein matches in Whlch the CySte'ne. was d|s_ulf|de
Synecho 28-KKRGKDFVGL CPFHDDKSPSFTVSPAKQFYYCFSC GAGGNPIKFLM bonded and several others in which the cysteine was ligated
M. xant 30-KKAGREWKAC CPFEQEKTPSFYVVPEKRFYFCHGC RASGDAVSFVQ ; ; ; ;
R. prow 28-TRKSSNYVGL CPFHQEKTPSFTVSDSKRFFYCFGC KASGDVIKETS to 5‘_”_|r0n_3U|fo cluster. The On|y instance in Wh!Ch the
M. geni 29-QTKGNSLLAL CPFHDDKNPSMSISSSKNIFKCWAC NAAGNGIAFIQ histidine p|ayed a role was in bovine Carboxypept|da5e B.
#aminoacids 4352444922 1111522311242366143241331 44412436145 . : T ..
consensus  KKXGRNYXGL CPFHXEKTPSFTVSxxKQFYXCFGC GxxGNATXFLx In t-hIS protein, _the histidine is bound to the Cataly“.C zinc

.,k & sy F v while the cysteine from the matched sequence participated
Classic zinc finger consensus (F/Y) xCxxC xxxF . . .

in a disulfide bond.

Secondary S‘m‘“f‘k‘]’fh"l’t"t"‘”i“"“ I T The second half of the bacterial primase zinc binding
S. typh hhhbTT. ... .TT..... TT..tttt.BBBBBBtt .ttttHHHHEH motif, (Phe/Tyr)-Cys-X-(Ala/Gly/Ser)-Cys and (Phe/Tyr)-
H. infl Whh.tt.... .TT..... TT..tttt.BBBBBBtL .tttCHHHHHH ;
L. mono hhh.TTt... .hhhhhhhTThhhhhhhBBBBBBtt .ttttHHHHEH Cys-(His/Phe/Tyr)-X-Cys, generated over 30(_) matCh?S'
B. subt mpn TTCC. . TT.CCTCC. TTCBBBBBALC . ITCCBBEEEh About one-half of the matches were to eukaryotic transcrip-
Lo feet  lteom.... imce.wowiionhossesscc (iiimems  tion factors containing the classical zinc finger motif or to
Synecho .tttttBBBB BBB.TTttTT....tt.BBBBBBtt .TTtt.BBBBB steroid receptors containing their type of zinc fmger motif.
M. xant hhhhhhhhhh hhhhhhhh. BBBBB. . .BBBBBBtt .ttttBEBBBB on . .
R. prow _LLTT.... .hhhhhhhTT...TTTCBBBEBE.. .ttthhhhnh. The rest were to non-metal containing proteins. The first
M. geni  BEBTTC. bbbobbb. TTTTIT. . . tTTCthhEhhhhhhnhtttEBEED half of the classical zinc finger which is similar in sequence
consensus ~ hhA.TT.... .TT..... TT....TT.BBBBBBCL .tLEC...... to the second half of the primase zinc finger has a structure

FiGURE 1: Sequence alignment and secondary structure predictionsconsisting of two antiparallg strands in which the zinc
for eleven bacterial primase zinc fingers. The number of different ligating residues are located at the turn and the conserved

amino acids found at each position is indicated below the alignment. |arge nonpolar residues are located in the nonpolar interior

The consensus for both primary and secondary structure was derive
from residues that appeared in more than two-thirds of the sequencegOf the. fo'.ded structure (Berg, 1995). From the above
and for the primary structure where two residues were present atanalysis, it was expected that the structure of the primase

roughly equal frequency. The secondary structure algorithm was zinc finger would be different from other zinc fingers.
adapted from known secondary structures in globular proteins (ChouAnother confirmation that the primase zinc finger structure

& Fasman, 1974) and calculated using the Wisconsin Genetics a5 different from classical zinc fingers came from second-
Database protein structure program (Group, 1994). The algorithm ary structure predictions (Figure 1) based on Chou and

was applied to the entire protein sequence but only the structure , .
predictions for the portion of primase containing the zinc finger is Fasman’s data for globular proteins (Chou & Fasman, 1974).

shown. The structure predictions are reported as “B” or “b’for ~ The linear amino acid sequence of the primase zinc binding
strand, “H" or “h” for helix, and “T” or “t” for reverse turn. An region was predicted to havefSastrand where the classical
upper case letter indicates a greater likelihood for the indicated i finger has amx helix (Figure 1). The algorithm also
type of structure than a lower case letter. The bacterial Seq-ufe-ncespredicted that the invariant glycines and prolines correlated
were obtained from GenBank and have the following acquisition glyci P

numbers: E. coli, J01687;Salmonella typhimuriumM14427; to reverse turns but that no particular structure was strongly

Haemophilus influenza& 11044;Listeria monocytogenel13165; predicted for the residues surrounding the first half of the
Bacillus subtilis X03897; Clostridium acetobutylicumz23080; zinc finger.

Lactococcus lactisD10168;Synechococcux94247;Myxococcus To test whether this region of primase could bind a metal,

thus U20669;Rickettsi iM95860; anaM I . S
gg?,it;fisum U397'ng etisia prowazekl candiveopiasma 5 peptide based on thk. coli primase sequence was

synthesized which included five residues before the first zinc

was Cys-%-His-X;5-Cys-X;-Cys placing it in a zinc finger  binding residue and four residues after the last. With its
family with eukaryotic viral primase/helicases [Table IV of five phenylalanines, two alanines and prolines, and single
Mendelman et al. (1994)]. Besides the invariant putative zinc leucine, valine, and tyrosine, the peptide was very nonpolar.
ligating residues there were seven other invariant residuesTo enhance solubility, the residues preceding and following
between the zinc ligating ones, yielding 44% identity in this the outermost ligating residues were chosen to include most
region, the highest cluster of identical residues within of the flanking highly conserved residues and some charged
primase. residues. The carboxyl-terminal glycine was chosen instead

There is such a strong correlation between the conservedof the histidine to prevent isomerization of a terminal
residues with the sequence of eukaryotic transcription factor histidine during post-synthetic purification.
zinc fingers (i.e., “classical” zinc fingers) and their three-  Peptide Absorbance and FluorescencEhe normalized
dimensional structure that it proved possible to predict their absorption spectrum of this peptide (Figure 2) showed that
tertiary structure from their sequence (Berg, 1995). This was the single tyrosine and five phenylalanines dominated. This
achieved by searching a protein structure database for motifsspectrum was very similar to that calculated using equiresidue
resembling both halves of zinc binding sequence. This sameabsorption spectra of standard solutions\Nedicetylphenyl-
approach was applied to the bacterial primase zinc binding alaninamide and\-acetyltyrosinamide (data not shown),
sequence to determine whether there was precedence foindicating that the electronic structures of the tyrosine and
metal binding by its two halves. The Swiss-Prot ExXPASy phenylalanines in the peptide were not significantly altered
ScanProsite Tool was used to search the Swiss-Prot databadey their adjacent residues. From this it was concluded that
for amino acid sequences that resembled the two halves oftyrosine absorption could be selected by excitation above
the finger. When the sequence Cys-X-Phe-His was searched280 nm sinceN-acetylphenylalaninamide does not absorb
it was found to occur in over 300 proteins. When the significantly above that wavelength.
sequence Cys-Pro-X-His was searched, it was found in about The fluorescence excitation and emission spectra of the
570 proteins. Out of these sequence matches, ten were fofree and zinc-bound peptide (Figure 2) were characteristic
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FiGUure 2: Absorption and fluorescence spectra of primase zinc

finger peptide. The free (dashed lines) and zinc-bound (continuous . - ; - ;
lines) peptide fluorescence spectra were normalized to the free N2t the intensity shown is for 10M peptide and zinc acetate at
each pH. The values represent the average, and the error bars

peptide intensities at its excitation and emission maxima of 278 t the standard deviati f three titrati
and 301 nm, respectively. The absorbance (bold line) spectrum was €PreSeNt the standard deviations irom three titrations.

normalized to the value at 277 nm. 3

Ficure 4. Peptide fluorescence enhancement caused by one zinc
equivalent. The data is from titrations like those in Figure 3 except
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y=724-247x
y= -2513+217x 1
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_ [Zinc] (uM) N FIGURE 5: Zinc—peptide dissociation constant versus pH interpola-
FiGUre 3: Tyrosine fluorescence enhancement upon addition of tion plot. The logarithm of dissociation constants obtained from
zinc aliquots to 1Q:M peptide in 100 mM potassium glutamate, 5  nonlinear least-squares fit of data like those in Figure 3 were plotted
mM DTT, buffered at the pH shown using a mix of 10 mM each versus pH. Two simple line fits were made to the low and high pH
acetic acid, PIPES, HEPES, Tris, and CHES. This buffer has nearly data which had yielded accurate constants.
constant buffering capacity over a range from 4.5 to 9.5. The

corrected fluorescence enhancemeff,, from three titrations was To establish conditions under which the affinity could be
o o a3 oy, TeSured, & 2n tizaion of he pepide was performed at
The datagat pH 5.03 (open circles) and 9.58 (filled squares) were pH’s between 3.5 and 9.5 (Figure 3, most data not shown).
used to obtainR/Fo)max and Kgissociationby Nonlinear least-squares ~ YWhen the fluorescence enhancement caused by 1.0 equiv of
fit. The fit constants were then used to derive the fit lines through zinc was plotted versus pH (Figure 4), it revealed that zinc
the data. bound to the peptide stoichiometrically between pH 6.0 and
8.5. The average maximum fluorescence enhancement at
of tyrosine and not tyrosinate (Lakowicz, 1983; Longworth, these pH's was 48% 2%. This average value was used
1983). The quantum yield of the tyrosine in the metal-free for data analysis outside this range. Data fitting indicated
peptide at pH 7.5 was 0.065. This value was less than halfthat the dissociation constants below pH 6 and above pH
that for free tyrosine which has a quantum yield of 0.14 g5 had acceptably small standard deviations (less than 10%
(Longworth, 1983) indicating that the tyrosine in the peptide of the fit value) that they could be considered accurate
was quenched. The addition of the zinc to the peptide causedFigure 3). When the dissociation constants were plotted
a 1.46-fold enhancement in the emission intenSity with no versus pH (Figure 5)7 it was possib|e to estimate the
change to the spectral shape. The excitation spectral shapgjissociation constants at the intermediate pH’s by interpola-
below 280 nm shifted slightly when the peptide bound zinc, tion from the accurate values. From this type of analysis,
possibly indicating more energy transfer from the phenyla- the dissociation constant at pH 7.5 was in the range 10
lanines to tyrosine. 100 nM. Next, the tyrosine environment was probed by
Peptide-Zinc Binding Stoichiometry and AffinityThe analyzing the zinc effect on the tyrosine fluorescence:
fluorescence of the single tyrosine increased linearly as zincintensity pH dependence, lifetime, radiative and nonradiative
was added to the peptide at pH 7.5 and reached saturatiorrates, and collisional quenching effects.
after 1 equiv zinc was added (Figure 3). Since the peptide Tyrosine Fluorescence Intensity pH Dependentke pH
bound nearly all of the zinc added, there was no free zinc profile of peptide fluorescence intensity provided information
present and it was not possible to use the fluorescence databout the quenching effectiveness of protonatable groups near
to obtain an accurate equilibrium constant under thesethe tyrosine (Figure 6). The pH effect was similar whether
conditions. For example, when the pH 7.5 data was it was the free peptide, the peptide with EDTA, or the peptide
subjected to a nonlinear least squares fit, the fit dissociationbound to zinc, indicating that zinc affected the tyrosine
constant was 0.16 0.08 uM. The interaction was fully  intensity independent of pH. When the pH dependence was
reversible by 3 mM EDTA, indicating that the complex was fit by nonlinear least-squares fit to the sum of a minimal
in equilibrium and that the peptide bound the zinc weaker intensity Fni, and two proton-sensitive specids/(1 +
than did EDTA. 10PH-PK)) good fits were obtained with only 2.7% error. The
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sensitive to the other two parameters. In addition, the
collisional efficiency effect can be accounted for by dividing
the constant by that for the quenching of fully exposed indole
giving that ratio Ky pepiiadKq,indole Which was related to the
solvent exposure of the fluorophore.

Stern—Volmer plots of the acrylamide quenching data for
free and zinc-bound peptide had significant upward curvature
(data not shown) indicating that collisional and static
guenching were taking place simultaneously. To account
for this, the data were analyzed using a modified Stern
Volmer equation. Analysis indicated that neither the static
guenching constarlf nor the Stera-Volmer constanKsy
changed much when the peptide bound zinc (Table 4). Since

angles), and free peptide obtained after adding 3 mM EDTA to the the average tyrosine lifetime increased by 34% upon binding

peptide-zinc complex E,, open circles). Each value was deter-

mined in triplicate, and the standard deviations are shown by the
error bars. For most values, the error was smaller than the symbol

denoting the value. ThE, fit was generated using two one-proton
pH equations as described under Results. FgraionCurve was
obtained by multiplying thé~, fit by 1.46.

two protonatable species hal’p of 6.4 4+ 0.2 and 8.39t

zinc, however, bott peptidge@Nd Ky peptiadKg,indote Were less in
the peptide-zinc complex than in the free peptide, indicating
a signficant decrease in tyrosine solvent exposure upon zinc
binding.

The acrylamide static quenching of tryptophan is typically
less than 3 M* (Eftink & Ghiron, 1976), but that for the
peptide tyrosine was about 4.2 % The sphere-of-action

0.05. The [ 6.20 species was a quencher when protonated, model, used to interpret the static quenching constant,
and the 8.40 species was a quencher when deprotonated. Thgdicated that when acrylamide was within 11 A of the

relative intensity contributions of the species wé&ig, =
50 + 1, FpK:6.4 = —30 £+ 2, were FpK:8.4 =111+ 1
indicating that the i = 8.4 species was a more effective
quencher than thep= 6.4 species.

Peptide Tyrosine Fluorescence PhotophysiGven the

tyrosine it was capable of static quenching. At 12 A, the
acrylamide need only bind to the outer surface of this folded
peptide to be able to quench a completely buried tyrosine.
Alternatively, such a large value for suggested that the

acrylamide was actually binding to the rather hydrophobic

46% increase in tyrosine quantum yield when the peptide peptide.

bound zinc, its lifetime was measured to determine the The Sters-Volmer constant for cesium also did not change
relative contributions of the radiative and sum of nonradiative much when the peptide bound zinc. It was less effective
rates. The single tyrosine in the free or zinc-bound peptide than acrylamide because its quenching efficiency is 20%
were well-described by triple exponentials as indicated by compared to acrylamide’s 100% (Eftink & Ghiron, 1981).
the goodness-of-fit values being about 3-fold less than for when the change in lifetime upon zinc binding and the lower
double exponential fits (Table 2). The three components of cesium quenching efficiency effect were accounted for by
the free peptide lifetime data were averaged to yield 1.46 ns calculatingkq peptiadKg,indole (Table 4), it was found that the
(Table 3). One of the three components of the zipeptide  cesium ratios for both free and zinc-bound peptide were
complex had a subpicosecond lifetime (Table 2). Such alarger than for acrylamide. This could be explained by the
short lifetime suggested that this component correlated to accessible quencher collision site having a negative charge
light scattering rather than to a radiating species. Even whether or not zinc was bound. The iodide quenching ratios
though aggregation was not visible in the cuvette following (Table 4) confirmed that their was a slight negative charge
the 20-min measurement, in other experiments we found thatnear the tyrosine quencher entry site but also indicated that
the peptide became less soluble when it bound zinc. Thethe binding of zinc made the site even more negatively
average fluorescence lifetime for the peptidinc complex  charged than had the acrylamide or cesium ratios. For all
was 1.96 ns< {0.22x 3.29 ns+ 0.29x 0.95n$/{0.22+ three quenching agents, the quenching ratio was lower by
0.29), indicating that the average lifetime was enhanced 25%—-40% for tyrosine in the zinc-bound form indicating
1.34-fold upon binding zinc. This was nearly the extent to that the tyrosine was protected from solvent upon zinc
which the quantum yield had been enhanced. From this it binding regardless of quencher.
could be concluded that when the peptide bound to zinc, Peptide Circular Dichroism SpectraThe effect of pH
the quantum yield and average lifetime were altered primarily and zinc binding on polypeptide backbone structure and
because of a decrease in the average sum of nonradiativesromatic residue geometry was determined by far ultraviolet
rate constants and not because of much change in thecircular dichroism (Figure 7). When the potential contribu-
radiative rate constant (Table 3). tions from the aromatic groups were ignored, all spectra
Peptide Tyrosine Fluorescence Extrinsic Quenching. indicated the presence of roughly equal amounts of random
Changes in the tyrosine solvent exposure were determinedcoil and beta strand structures. Changes in the circular
in studies with the extrinsic quenching agents acrylamide, dichroism spectra were more strongly dependent upon pH
iodide, and cesium. In theory, the collisional quenching than on zinc binding (Figure 7). Even though at pH 3.0 the
constant for each agent can provide information about the peptide had very low affinity for zinc (Figure 5), the pH 3.0
collisional efficiency, molecular weight, and radius of the spectrum was not that of a random coil. The lower pH
molecule to which the fluorophore is attached, and the structure must not be capable of binding zinc. As the pH
fractional exposure of the fluorophore (Johnson & Yguera- was raised from pH 3.0 to 7.2, the ellipticity values at each
bide, 1985). Since the peptide does not change mass bywavelength between 195 and 210 nm become less negative
much when it binds zinc, the constant should only be which may indicate a decrease fhstrand structure. An
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Table 2: Fluorescence Lifetimes of Primase Zinc Finger Peptide Tyfosine

20 3-component fit
sample Va Va a 71 (NS) a 72 (NS) a 73 (NS)
free peptide 27 7.1 0.32 3.13 0.55 0.85 0.13 0.018
peptide-zinc complex 17 7.8 0.22 3.29 0.29 0.95 0.50 0.000

2 All values were obtained as described under Experimental Procedures @t Zbhey? residuals goodness-of-fit values were determined for
1-, 2-, and 3-component fits. The lifetimes and amplitudes for the best fit are sh@@omponent fit.

Table 3: Primase Zinc Finger Peptide Tyrosine Photoph§sics ' ' '
<k> <Y Knr> - or
compound ¢ <r>(ns) (1®sH (1Bs™Y g
N-acetyltyrosinamide 0.4  1.47 0.95 5.3 S 000!
free peptide 0.065 1.46 0.45 6.4 80
peptide-zinc complex  0.095 1.96 0.48 4.6 ‘é
aThe quantum yieldp was determined for each compound as z -10000F
described under Experimental Procedures. The amplitude-weighted
average fluorescence lifetimrer> for free peptide was calculated from 15000 ) ) .

the data presented under Table 2 and for the peptide complex as 180 200 220 240 260
described under Results. The average radiative rate corgtantand
the average sum of nonradiative rate constali&,> were calculated . . ] ) )
using the quantum yields and lifetimes as described under ExperimentalFIGURE 7: Far-ultraviolet circular dichroism spectra of the peptide.
Procedures. These rate constants must be considered underestimatddhe peptide spectra at pH 7.2 were determined with 0.9 equiv of
by ~10% because the quantum yields and lifetimes were determined Zinc (solid line) or without zinc (dashed line) and at pH 3.0 (dashed
at 30 and 25°C, respectively. These underestimates do not alter the and dotted line) without zinc.

relative conclusions? The quantum yield for foN-acetyltyrosinamide
was from Longworth (1983).

wavelength (nm)

T T T T T

3000

Table 4: Collisional Quenching of Tyrosine in the Zinc Finger
Peptide

2000

Kq, peptid Kq,peptiad
quenchingagent Ksy(M™) V(M) (1M 15 Kyndoe

Extinction Coefficient (M-lecm™!)

peptide 1000 1
acrylamide 3.6 0.09 4.31+0.06 2.51 0.35
cesium chloride  0.8& 0.01 0.55 0.50
potassium iodide 2.34 0.04 1.60 0.25 0L L . L L

300 400 500 600 700

peptide+ zinc wavelength (nm)

acrylamide 3.59£ 0.05 4.11+0.04 1.83 0.26 . R .
cesium chloride  0.8% 0.01 0.41 0.37 Ficure 8: Visible extinction spectrum of the cobajpeptide
potassium iodide 1.8% 0.03 0.94 0.15 complex. The peptide (58M) in 50 mM HEPES, pH 7.5, was

2 - - — mixed with 88uM cobalt chloride to make the complex. Higher
The tyrosine fluorescence was monitored by exciting at 280 "M gmaynts of cobalt did not improve the spectrum but did cause
and emitting at 305 nm. Each quencher titration was performed in sample opacity. The resulting absorbance spectrum was divided

triplicate using 1QuM peptide with or without an equivalent of zinc  ,y the peptide concentration to obtain the extinction spectrum. The
acetate. These collisional quenching rate constiyg:se must be inset shows extinctions from 500 to 800 nm factored by 5.
considered underestimates byl0% because the SteriWolmer

constants, lifetimes, and indole quenching constants were determinedgnd ligation preferences, the catalytic activity of cobalt-
at 30, 25_, and 25C,_respect|vely. These underestimates do not alter substituted zinc enzymes is usually Satisfactory (Vallee &
the relative conclusions. -
Galdes, 1984). What makes cobalt(ll) useful as a substitute
is that it is optically active whereas zinc is not. The visible

alternative explanation was that there was a change inapsorption spectrum of tetrahedral, high-spin cobalt(ll) is
tyrosine geometry. This was an especially likely interpreta- sensitive to the geometry, number, and type of ligating atoms.
tion because the helical content was predicted to be low sowhen saturating amounts of cobalt were added to a pH 7.5
that even small changes in the other ellipticities can be ggjution lacking DTT of the primase zinc binding peptide, a
observed (Manning & Woody, 1989). visible absorption spectrum characteristic of cobalt tetrahe-

At pH 7.2, the spectrum was shifted higher by about 2 drally coordinated by three cysteines and one histidine was
nm when the peptide was bound to zinc. The far ultraviolet obtained (Figure 8) (Guo et al., 1995; Klemba & Regan,
absorbance spectrum of the peptide also shifted higher by1995; Krizek et al., 1991, 1993). The thiolate-to-cobalt
about 1.5 nm when the peptide bound to 1 equiv of zinc charge transfer electronic transition at 311 nm had an
(data not shown) possibly indicating a change in the extinction coefficient of 3418 M cm™L. Assuming that
electronic environment of dichroically absorbing species. there were three cysteinateobalt bonds, the average
Regardless of the interpretation, the small spectral changeextinction per bond would be 1139 ™Mcm™, similar to
indicated that the peptide secondary structure and tyrosinevalues established for other thiolateobalt bonds (906
geometry did not change much when the peptide bound zinc.1400 Mt cm™3).

Cobalt-Peptide Spectrum and Affinitynformation about The ligand field transition region of the spectru €
metal ligation and geometry were obtained by metal substitu- 500-800 nm) exhibited a shoulder at 602 nm and a
tion. Since zinc(ll) and cobalt(ll) have similar ionic radii maximum at 655 nm. The 655 nm peak was of similar
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energy to other cobalts coordinated by three sulfur and one& Lokey, 1996). We suggested that there might be contacts
nitrogen. For comparison, four-sulfur coordination results with portions of primase distant from the zinc finger region
in a peak at about 750 nm whereas two-sulfur and two- that stabilize its secondary structure even in the absence of
nitrogen coordination result in a peak at about 620 nm. The zinc. We demonstrate here that these long-range contacts
maximum extinction was 635 M cm™! which was at the  do not need to be hypothesized to explain why the apoen-
high end of the typical range for tetrahedral cobaléptide zyme retained its activity. Even though the ability of primary
complexes (206800 Mt cm™). In shape and intensity, structure to determine secondary structure has been well-
the primase peptidecobalt spectrum was most similar to established (Anfinsen, 1973), zinc finger peptides seem to
that reported for cobalt-substituted bacteriophage T4 generepresent a particularly favorable case; their relatively modest
32 protein which coordinates cobalt using one histidine and lengths are often associated with specific structures and
three cysteinates (Giedroc et al., 1992; Qiu & Giedroc, 1994). functions (Klug & Schwabe, 1995; Schmiedeskamp & Klevit,

When cobalt was titrated into a G peptide solution 1994; Vallee & Auld, 1993). Other examples of single-zinc
in 50 mM HEPES, pH 7.5 buffer (data not shown), the binding peptides that have structure or function in the absence
absorbances at 311 and 655 nm increased proportionally untilof bound zinc are the one derived from HIV-1 nucleocapsid
the cobalt concentration equaled that of the peptide and thenProtein which retains structure and functionality (Delahunty
the absorbance increased only slightly. This indicated that €t al., 1992); the one derived from isoleucyl-tRNA synthetase
the cobalt-peptide dissociation constant was less than 10 Which retains structure but not full functionality (Glasfeld
uM and that the cobalt was binding stoichiometrically to the €t al., 1996); and a classical zinc finger consensus-derived
peptide. Because the extinction coefficients were small, it peptide which adopts partial structure (Eis & Lakowicz,
was not possible to use lower concentrations of peptide to 1993).
carry out the titrations to obtain the dissociation constant. ~ Far-ultraviolet circular dichroism can provide a sensitive
When 19uM zinc acetate was added to the cobgleptide =~ measure of backbone geometry because it is strongly
complex in which the cobalt was present in 3-fold excess, correlated to polypeptide secondary structure (Johnson,
the absorbances decreased by about 30%. This indicated990). When there is low helical content and high aromatic
that the zinc had substantially higher affinity for the peptide or disulfide content, however, the observed ellipticities cannot
than did the cobalt. The solution became opaque whenbe used for structure predictions in the usual manner of
higher amounts of zinc were added, indicating that high metal assuming that it is the sum of fractional structure contribu-
concentrations caused the formation of an insoluble complex.tions. The aromatic and disulfide ellipticities become

significant and have magnitudes that are difficult to predict
DISCUSSION even when their actual geometries and environments are
) ) L _ known (Manning & Woody, 1989; Mark et al., 1995; Woody,

Amino acid sequence analysis indicates that the putative1994). The primase zinc finger peptide does not seem to
bacterial primase “zinc finger” (llyina et al., 1992) motifis  naye helical structure but it does have five phenylalanines
highly conserved and that it may be in a zinc finger family 414 one tyrosine among its 35 residues. Sequence analysis
shared only with eukaryotic viral primase zinc fingers. A anq cursory structure prediction based on the circular
search in a protein database indicated that there was NQjichroism data indicate that primase zinc fingers are probably

precedent for metal binding by the first half of the motif, composed off strand and random coil. The circular
CXXH, but that there was extensive evidence for metal gichroism spectra indicate that the free and zinc-bound

chelation by the second half of the motif, (F/Y)XCXXC. We = pentides have similar secondary and aromatic residue
show here that a peptide with the sequence of the putativestctures. The small spectral shift that does occur upon zinc
zinc binding portion of bacterial primase is capable of pinging is at a tyrosine absorption peak (200 nm) (Hooker
binding zinc specifically and reversibly. Even though the g scheliman, 1970) and may be explained by a slight change
affinity of the peptide for zincq ~ 10-100 nM) is lower i, tyrosine geometry or environment when the peptide binds
than that of the entire primase enzyni& (< 1 pM) (Griep  zinc rather than as a change in polypeptide structure.
& I__okey, 1996), the affinity is quite high and prowdgs strong  The collisional quenching constant ratiRpepiadke,ndole
evidence that this sequence represents a new zinc bindingo acrylamide, cesium, and iodide indicate that the tyrosine
motif. The peptide-cobalt absorption spectrum confirms the g mostly buried within the free polypeptide. The ratios for
sequence analysis prediction that the metal is tetrahedrallyjggige and cesium compared to that for acrylamide indicate
bound by three thiolates and one histidine nitrogen. that there is a slight negative charge at the quencher entry
Even though the peptide has zinc binding specificity, the site. All three ratios decrease by 25% when the peptide binds
circular dichroism data indicates that the peptide folds into zinc, suggesting that zinc binding reduces tyrosine quencher
a secondary structure even without the zinc. The role of accessibility somewhat. Analysis of the acrylamide colli-
the zinc is not to induce structure but perhaps to stabilize it. sjonal guenching ratios indicate that the actual percentage
Indeed, the peptide readily binds zinc when it is freshly of accessible tyrosine [see Figure 2B of Johnson and
dissolved in degassed buffer or water, but after a few days Yguerabide (1985)] decreases from about 20% to about 12%
storage it was necessary to add a mild reductant to the stockin response to zinc binding. This complements the circular
peptide solution to restore zinc binding (data not shown). dichroism data to indicate that the tyrosine is buried in a
One of the roles of the zinc may be to prevent disulfide bond peptide that has considerable structure with or without zinc.
formation of the closely placed cysteines in the folded  The tyrosine fluorescence intensity is strongly influenced
structure, the same role as in the full enzyme (Griep & by protonatable groups withips of 6.4 and 8.4. Since the
Lokey, 1996). same pH profile was observed with and without bound zinc,
In a previous study, we found that reduced apoprimase neither of these species can be the zinc ligating cysteines or
had as much enzymatic activity as the native enzyme (Griephistidine. The ability of the protonatable species to quench
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