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ABSTRACT: Solution conformations of theR andâ subunits of theOxytricha noVa telomere binding protein
have been investigated by Raman spectroscopy. Raman spectra have also been obtained for a deletion
mutant of theâ subunit,âC232, which retains the N-terminal domain that is active in ternary complex
(R:â:DNA) formation but lacks the C-terminal domain that is active in catalyzing guanine quadruplex
formation. The Raman spectra show thatR, â, andâC232 are rich inâ-strand secondary structure (≈40-
50%) and turns. The Raman signature of the C-terminal 153 amino acids ofâ, generated by subtracting
the spectrum ofâC232 (residues 1-232) from that of the full subunit, indicates that the domain active in
guanine quadruplex formation contains lessâ-strand secondary structure and more irregular structure
than the domain active inR:â:DNA formation. Raman markers also provide information about the
environments and orientations of several key side chains, including tryptophan residues in N- and C-terminal
domains of theâ subunit. BothR andâ denature between 30 and 40°C, as evidenced by large changes
in Raman bands diagnostic of main chain conformation and side chain environments. The Raman spectrum
of an equimolarR/â mixture exhibits no evidence of specific interaction between the subunits; further,
the denaturation profile of this mixture is indistinguishable from the sum of denaturation profiles of the
constituent subunits, consistent with the absence of appreciable interaction betweenR andâ throughout
the range 0-50 °C. The present results provide insights into the solution conformations of theOxytricha
telomere binding protein subunits and serve as the basis for future study of subunit interactions with
telomeric DNA.

Telomeres are the guanine-rich 3′ termini of eukaryotic
chromosomes. In most organisms, the telomeric DNA strand
consists of tandem repeats of the sequence d(TnAmG3-4),1

wheren andmare small integers. These chromosomal ends
are essential components of the cellular genetic machinery
and are required specifically for accurate replication of the
genome. Additionally, telomeres have been implicated in
molecular mechanisms of aging, cancer, cell division, and
chromosomal stability (Ashley & Wagenaar, 1974; Hastie
et al., 1990; Hilliker & Appels, 1989; Lange et al., 1990;
Lundblad & Szostak, 1989; Mandahl et al., 1985).
In many eukaryotes, the guanine-rich telomeric strand (3′)

is longer than its complementary 5′ strand, resulting in a
telomeric overhang. The overhang is protected by an as yet
undetermined mechanism from endonuclease degradation that
otherwise would compromise chromosomal integrity. Te-
lomeres of several species have been found to participate in
a protein-nucleic acid complex known as the telosome (Fang
& Cech, 1995). This structure apparently provides the
needed endonuclease protection (Gottschling & Zakian, 1986;
Price & Cech, 1987). Recent experiments show that, despite
involvement in the telosome complex, the telomeric DNA
may still be available for elongation by telomerase and for
replication (Shippen et al., 1994).

In the ciliated protozoan,Oxytricha noVa, the telomeric
DNA [sequence d(T4G4)2] is bound by a heterodimeric
protein. Analyses of the gene sequences and electrophoretic
mobilities suggest that the largerR subunit has a molecular
mass of 56 kDa, while the smaller and more highly basicâ
subunit has a molecular mass of 41 kDa (Gottschling &
Zakian, 1986; Hicke et al., 1990; Gray et al., 1991). Both
R andâ are required forin Vitro formation of a telomeric
DNA-protein complex that exhibits the same guanine
methylation protection patterns observed within ViVo
preparations. The methylation pattern indicates that the
telomere sequence, when bound byR and â (ternary
complex), does not form the characteristic DNA quadruplex
structures in which all guanines are associated via Hoogsteen
hydrogen bonds (Gray et al., 1991). There is also evidence
that theâ subunit fulfills an additional function independent
of theR subunit. In the absence ofR, theâ subunit promotes
the formation of guanine quadruplexesin Vitro (Fang &
Cech, 1993a,b).

Interactions of theâ subunit with telomeric DNA and with
the R subunit have been probed using a deletion mutant,
designatedâC232 (Fang et al., 1993) that lacks the carboxy-
terminal 153 amino acids. The truncatedâC232 construct
is capable of forming a ternaryR:â:DNA complex with the
same efficiency as the wild-typeâ subunit, but is apparently
unable to induce the formation of guanine quadruplexes.

Here, we report the results of Raman spectroscopic
investigations of theOxytricha telomere-binding-protein
subunits. We have probed the secondary structures ofR, â,
and âC232 and their interactions and thermostabilities in
aqueous solutions.
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with the notation of Takeuchi et al. (1986) and are printed in italic
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MATERIALS AND METHODS

(1) Isolation and Purification of Subunits

TheR andâ subunits and the deletion mutantâC232 were
expressed inEscherichia colicontaining recombinant plas-
mid vectors generously provided by Dr. Thomas R. Cech of
the University of Colorado. Proteins were extracted from
the bacteria and purified using published procedures (Fang
& Cech, 1993a,b).
Briefly, colonies of theE. coli host were grown at 37°C

on LB/agar plates containing tetracycline. Two single
colonies were removed and each was placed in 20 mL of
LB broth inoculated with 20 mL of tetracycline at 12.5 mg/
mL and grown overnight at 37°C in a thermostated shaker.
Following the overnight growth, each 20 mL culture was
placed in 2 L of LB media that was inoculated with 2 mL
of tetracycline (12.5 mg/mL). The cultures were grown at
37 °C to an optical density (610 nm) in the range 0.8< A610
< 1.2, after which expression of theOxytrichaprotein was
induced by addition of 1 mL of 0.1 M isopropyl-1-thio-â-
D-galactoside per liter of culture. The temperature was
reduced to 30°C and the cells allowed to grow an additional
4 h. The cells were harvested by centrifugation at 6000 rpm
and 4°C for 30 min, quick-frozen in liquid nitrogen, and
stored at-80 °C for future use.
The expressed protein was recovered as needed by thawing

and homogenizing the cells, adding 0.1 M phenylmethane-
sulfonyl fluoride and lysing by French press and sonication.
The resulting mixture was centrifuged at 45 000 rpm and 4
°C for 1 h to pellet cell debris. The supernatant was
removed, diluted with 150 mM HEND (50 mM HEPES
buffer at pH 7.5, 1 mM EDTA, 150 mM NaCl, and 0.5 mM
dithiothreitol) and applied to a CM-Sepharose column.
Crude protein was eluted by the addition of 650 mM HEND.
After elution, the crude protein solution was dialyzed
extensively against 150 mM HEND, removed from the
dialysis buffer and applied to an ISCO (Lincoln, NE)
ProTeam column packed with SynChropak S300 strong
cation exchanger. Subsequent elution against a linear salt
gradient (from 0.15 to 1 M NaCl) yielded the purified protein,
which was dialyzed first against 1 M TEND (10 mM Tris,
pH 7.2, 1 mM EDTA, 1 M NaCl, and 0.5 mM dithiothreitol)
and then against 50 mM TEND to provide the material used
for spectroscopic analyses.
Typically, the preparation described above yielded mil-

ligram quantities of purified protein, varying from 4 mg for
the âC232 mutant to approximately 30 mg for both theR
andâ subunits. Proteins were stored at-80 °C in a 50:50
vol % mixture of glycerol and 5 mM Tris buffer (pH 7.5),
containing 0.5 mM EDTA and 50 mM NaCl. Prior to use,
subunits were dialyzed extensively against the above 5 mM
Tris buffer solution (hereafter referred to as sample buffer).

(2) Raman Spectroscopy

For Raman spectroscopy,R, â, andâC232 were prepared
at approximately 50 mg/mL in sample buffer, using 30 and
10 kDa Centricons (Amicon, Beverly, MA). Both theR and
â subunits were predominantly monomeric at concentrations
employed for Raman spectroscopy as assayed by analytical
ultracentrifugation (data not shown). Raman spectra were
excited at 514.5 nm using 200 mW of radiant power from
an Innova argon gas laser (Coherent, Inc., Santa Clara, CA)
and were collected on a model 1877 Triplemate spectrograph

(SPEX Industries, Metuchen, NJ) equipped with a liquid-
nitrogen-cooled charge-coupled-device detector. Samples
were maintained at constant temperature throughout each data
collection protocol using a sample cell thermostat described
previously (Thomas & Barylski, 1970).

RESULTS AND INTERPRETATION

(1) R Subunit

(a) Raman Spectrum and Assignments. The Raman spec-
trum of theR subunit of theOxytricha telomere binding
protein, dissolved to approximately 50 mg/mL in sample
buffer at pH 7.2 and 10°C, is shown in the top trace of
Figure 1. Information regarding the protein secondary
structure is contained in the Raman amide I band centered
at 1667 cm-1 and amide III bands in the region 1230-1340
cm-1. The basis for interperting these diagnostic amide
bands has been discussed in recent reviews (Bandekar, 1992;
Miura & Thomas, 1995). The central amide I peak at 1667
cm-1 is relatively sharp, indicating thatâ-strand is the
dominant secondary structure. The partially resolved low-
frequency shoulder near 1650 cm-1, labeled with an arrow
in the top trace of Figure 1, implies lesser amounts ofR-helix
and irregular conformations. This assessment is confirmed
by the relatively high intensity of the amide III marker at
1242 cm-1 (â-strand plus irregular conformations) compared
with amide III markers in the 1270-1300 cm-1 interval (R-
helix conformation).
To estimate quantitatively the distribution of amide I

intensity corresponding to different secondary structures,
Fourier deconvolution was employed (Thomas & Agard,
1984). The results, shown in the top of Figure 2, suggest
that theR subunit comprises at least 40-50%â-strand, and
much smaller percentages ofR-helix and irregular conforma-
tions. Application of the curve-fitting method of Berjot et
al. (1987) to the amide I profile provides a similar estimate
of â-strand (≈50%) (data not shown). The amide III profile
of theR subunit in Figure 2 is consistent with the predomi-
nance ofâ-strand over other secondary structures. Circular
dichroism measurements also indicate a lowR-helical content
for theR subunit (data not shown).
The three tryptophan residues of theR subunit (W147,

W196, and W387) contribute to the Raman bands at 756,
880, 1008, 1340, 1360, and 1555 cm-1. The broad band at
1555 cm-1, which is assigned exclusively to normal mode
W3 of the indole ring (Takeuchi & Harada, 1986), is
informative of the magnitude of the torsionø2,1 (C2-C3-Câ-
CR) of the average tryptophan side chain (Miura et al., 1989).
Curve fitting and deconvolution procedures (data not shown)
suggest that the broad 1555 cm-1 band comprises multiple
components between 1551 and 1560 cm-1, implying a
distribution of tryptophan conformers with|ø2,1| values
between 95 and 120°. Information about indole N1H
hydrogen bonding is obtained from the band corresponding
to normal modeW17, expected in the range 875-882 cm-1

(Miura et al., 1988, 1991; Takeuchi & Harada, 1986). In
the R subunit, theW17band is sharp and centered at 880
cm-1, consistent with uniformly weak N1H hydrogen bond-
ing for the three tryptophans per subunit.
The Raman band intensity ratio of the tyrosine Fermi

doublet near 850 and 830 cm-1 (I850/I830) is diagnostic of
phenoxyl hydrogen bonding (Siamwiza et al., 1975). The
intensity ratio typically ranges between 0.30 for an OH group
that is a strong hydrogen bond acceptor and 2.5 for an OH
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group that is a strong donor. Phenoxyls that are both donors
and acceptors exhibitI850/I830 = 1.25. From Figure 1, we
find that I850/I830 ) 1.1 for theR subunit, indicating that the

average phenoxyl (of 24 tyrosines) assumes both donor and
acceptor roles at these experimental conditions.
The numerous glutamic (21) and aspartic acid residues

(32) of theR subunit contribute to the broad and moderately
intense band at 1401 cm-1, diagnostic of the ionized
carboxylate (CO2-) group (Fasman et al., 1978). The
absence of a COOH Raman marker near 1700-1720 cm-1

confirms that all acidic side chains are ionized at the
conditions employed.
Virtually all of the Raman bands of theR subunit can be

assigned to specific vibrational modes of the peptide main
chain or side chains, or to specific classes of amino acids,
by reference to previously published work on proteins and
model compounds. A comprehensive list of assignments is
given in Table 1.
(b) Thermolability of Secondary Structure Assessed by

Raman Spectroscopy.
Figure 3 shows the Raman spectrum of theR subunit as

a function of temperature in the range 0-50 °C. No
significant temperature dependence is detected between 0
and 30 °C; however, the spectrum changes dramatically
between 30 and 40°C, and further increases in temperature
cause modest additional changes. Most striking is the
narrowing of the amide I band above 30°C, with little change
in the band center (1666 cm-1). Becauseâ-strand secondary
structure provides the greatest contribution to the amide I
intensity in the interval 1665-1670 cm-1, the observed
change is interpreted as an increase inâ-strand at the expense
of other conformations. Consistent with this interpretation
is the sharpening of the amide III band at 1235 cm-1, which
is the position expected forâ-strand structure (Sargent et
al., 1988). The difference spectra of Figure 3 also reveal
that many side chain environments, including those of
aromatic and aliphatic residues, are altered by thermal
denaturation. We attribute the 50°C spectrum of Figure 3
to a denatured form of theR subunit in which native

FIGURE 1: Raman spectra in the region 600-1750 cm-1 of theOxytrichatelomere binding protein. Top:R subunit. Middle: â subunit.
Bottom: âC232 deletion mutant. Each spectrum was collected at 10°C from a solution of the protein (approximately 50 mg/mL) in
sample buffer containing 5 mM Tris (pH 7.2( 0.1), 0.5 mM EDTA, and 50 mM NaCl. The spectra were excited at 514.5 nm and
corrected for contributions from the buffer and sloping baseline.

FIGURE 2: Fourier deconvolution of the regions of Raman amide
III (1200-1350 cm-1) and amide I (1600-1700 cm-1) bands of
theOxytrichatelomere binding protein. Top:R subunit. Middle:
â subunit. Bottom:âC232 deletion mutant. Deconvolutions were
obtained using a desmearing function of 22 cm-1 half-width (1000
cycles) according to the procedure of Thomas and Agard (1984).
In the case of theR subunit, an additional 1000 cycles of
deconvolution of the amide I complex allows separation of
components at 1662, 1653, and 1645 cm-1 (dotted curve) with
relative intensities of 0.44, 0.30, and 0.09, respectively, suggesting
corresponding percentages of strand, irregular, and helix conforma-
tions. Analogous results (not shown) for theâ subunit andâC232
deletion mutant are discussed in the text.
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conformations are replaced by non-nativeâ-strand structure.
Because solutions of the protein become highly opaque above
40 °C, thermal denaturation presumably involves extensive
aggregation of subunits. We conclude that the native
structure of theR subunit is highly thermolabile. The native
fold is stable below 30°C and denatures irreversibly above
30 °C.
(2) â Subunit

(a) Raman Spectrum and Assignments. The amide I and
amide III bands of theâ subunit are very broad in comparison
to those of theR subunit (cf. top and middle traces of Figure
2), suggesting a broad distribution of secondary structure.
Amide I and amide III deconvolutions (Figure 2) and curve-
fitting results (data not shown) are consistent with this
assessment.
The two tryptophans (W93 and W343) of theâ subunit

are expected to contribute a distinctive band corresponding
to normal modeW3 in the interval 1540-1560 cm-1. In
Figure 1, we observe a fairly sharp peak at 1544 cm-1 and
a more diffuse shoulder at higher frequency. Deconvolution
(not shown) locates the center of the shoulder at about 1553
cm-1. These results imply that one tryptophan is character-
ized by a side chain torsion|ø2,1| ) 80°, while the other
tryptophan exhibits a range of|ø2,1| values with an average
near 100°. The tryptophan with|ø2,1| ) 80° is apparently

located in a region of well-defined tertiary structure. Con-
versely, the tryptophan with|ø2,1| > 80° may be located in
a segment of the protein that lacks a well-defined tertiary
structure. Although the data of Figure 1 do not indicate
which tryptophan exhibits|ø2,1| ) 80°, this value for the
C2-C3-Câ-CR torsion is among the lowest observed in
proteins and model compounds (Miura et al., 1989). Below,
additional data are presented to suggest probable locations
of the structurally distinguishable tryptophan side chains of
the â subunit. (See Discussion and Conclusions section.)
TheW17marker (880 cm-1) for theâ subunit, like that for
the R subunit, indicates that indole N1H groups are on
average moderately hydrogen bonded.

The 13 tyrosines of theâ subunit are characterized byI850/
I830) 2.3( 0.1 (Table 1), which implies that most phenoxyls
exist as strong hydrogen bond acceptors (Siamwiza et al.,
1975). This situation differs greatly from that observed for
tyrosines of theR subunit. Other Raman markers of theâ
subunit are listed with assignments in Table 1.

(b) Thermostability. The temperature dependence of the
Raman spectrum of theâ subunit is displayed in Figure 4.
The protein structure is essentially stable between 0 and 30
°C. However, upon heating to 40°C, significant structural
changes are evident. In particular, the enhancement of
intensities of amide I and amide III bands (at 1668 and 1234
cm-1, respectively) indicates the formation of additional
â-strand at the expense of native secondary structure. At
50 °C, the solution becomes opaque and the amide markers

Table 1: Raman Bands and Assignments forOxytricha noVa
Telomere Binding Protein Subunitsa

R subunit â subunit âC232 fragment

cm-1 intensity cm-1 intensity cm-1 intensity assignment

622 1.3 621 1.2 621 1.2 Phe (F6b)
643 1.7 643 0.6 642 0.4 Tyr (Y6b)
764 1.3 757 1.4 756 0.7 Trp (W18)
828 2.7 826 0.8 828 0.7 Tyr (Y1+ Y16a)
851 3.0 852 1.9 852 1.7 Tyr (Y1+ Y16a)
879 0.7 879 0.6 876 0.4 Trp (W17)
901 1.1 899 1.4 899 0.7 νCC
937 1.2 934 1.0 932 0.7 νCC
958 1.4 952 1.7 950 1.0 νCC
1002 10.0 1002 10.0 1002 10.0 Phe (F12)
1031 1.8 1031 2.4 1031 1.8 Phe (F18a)

1056 1.5 1058 0.6 Lys, Glu
1078 1.5 1081 1.3 1085 0.6 νCC,νCN
1100 1.3 1101 1.6 1100 0.8 νCC,νCN, νCO
1127 2.9 1126 1.7 1126 1.4 Trp (W13)
1157 1.3 1157 1.2 1156 1.0 δCH3

1176 2.1 1174 1.5 1176 1.1 Tyr (Y9a)
1208 6.0 1207 3.8 1206 3.4 Tyr (Y7a), Phe (F7a)

1238 3.8 s amide III, strand
1242 7.9 amide III, strand

1251 6.7 1251 4.2 amide III, coil
1265 6.7 s 1263 3.7 s amide III, helix

1285 3.2 amide III, helix
1319 7.3 1320 6.9 1320 4.3 δCH2

1339 7.7 1339 6.7 1339 4.7 δCH2, Trp (W7)
1360 3.8 1360 2.9 1360 2.2 Trp (W7)
1401 4.0 1398 3.2 1400 2.2 symmetricνCO2

-

1447 9.9 1448 9.0 1448 5.8 δCH2

1461 7.6 1456 8.4 1456 8.7 δCH3

1558 2.1 1544 1.4 1544 1.0 Trp (W3)
1585 2.9 1585 1.7 1585 1.4 Trp (W2), Phe (F8b)
1605 6.2 1605 3.8 1604 3.4 Tyr (Y8b), Phe (F8a)
1615 6.5 1616 3.0 1615 2.5 Tyr (Y8a), Trp (W1)

1661 6.0 amide I
1661 8.2 amide I

1667 14.6 amide I

a For each protein, Raman frequencies are in cm-1 units (first
column), and intensities are on an arbitrary 0-10 scale (second column).
Assignments, which are based upon previous studies, are discussed in
the text. Abbreviations: s, shoulder,ν, stretching mode,δ, bending
mode.

FIGURE 3: Thermostability of theR subunit of theOxytricha
telomere binding protein as monitored by Raman difference
spectroscopy. The sample was prepared at approximately 50 mg/
mL in sample buffer at pH 7.2. The spectra were maintained at
the indicated temperatures throughout the data collection protocol.
From top to bottom:R subunit at 50°C; R subunit at 10°C;
difference spectra corresponding to 50-10, 40-10, 30-10, 20-
10, and 0-10 °C. Labels indicate key bands that are discussed in
the text. Spectra were corrected for background and solvent
contributions.
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are those of a predominantlyâ-stranded structure (Sargent
et al., 1988). We conclude that thermal denaturation of the
â subunit above 30°C leads to extensive aggregation with
â-strand formation. This is similar to the effect of thermal
denaturation of theR subunit.
Difference bands attributable to aromatic residues are also

observed in the 50-minus-10°C difference spectrum of
Figure 4. Upon heating from 10 to 50°C, the intensity ratio
(I850/I830) of the tyrosine Fermi doublet decreases from 2.4
to 1.2, indicating that tyrosines which are exclusive hydrogen
bond acceptors in the native structure are converted to both
donor and acceptor roles in the heat denatured structure. Such
a conversion is consistent with exposure of tyrosine phenoxyl
groups to solvent interactions. The complex Raman band
corresponding to normal modeW3of tryptophans W93 and
W343 exhibits a shift of its peak from approximately 1544
cm-1 at 10°C to 1548 cm-1 at 50°C, signaling a significant
change in tryptophan indole orientations upon thermal
denaturation. Figure 4 also shows that Raman markers, and
therefore environments, of phenylalanyl and aliphatic side
chains are altered by heat denaturation.

(3) âC232 Deletion Mutant: Raman Spectrum and
Assignments

The âC232 deletion mutant lacks residues 233-385 of
the wild-typeâ subunit. Interestingly, its Raman spectrum
(Figure 1) is rather similar to that of the fullâ sequence,
particularly with regard to the amide I profile, which consists
of a very broad band at approximately 1661 cm-1. Subtle
differences in the amide I and amide III profiles ofâ and
âC232 are revealed by their respective deconvolutions
(Figure 2) or curve-fitted components (not shown). The
deconvolutions of Figure 2, particularly those for the amide
III interval, suggest that the ratio ofâ-strand to irregular
structure is greater inâC232 than in the completeâ subunit.
The relative deficiency of non-â-strand structure in the
truncated subunit implies that C-terminal residues 233-385
contain a greater proportion of non-â-secondary structure
(turns, loops, etc.) than is present in residues 1-232.
The single tryptophan (W93) ofâC232 exhibits itsW3

marker at 1544 cm-1, implying that the tryptophan residue

with |ø2,1| ) 80° in the native sequence (see above) is W93.
This conclusion is based upon the assumption that the local
structure and environment of residue W93 are similar in
âC232 and in the native sequence. Accordingly, for residue
W43, |ø2,1| ≈ 100°.
The 11 tyrosines of theâC232 sequence appear to be

largely unaltered in their phenoxyl hydrogen-bonding char-
acteristicsVis-à-Vis the native sequence, as evidenced by the
near invariance ofI850/I830 ()2.4). Thus, the tyrosine side
chain environments and presumably also the tertiary structure
of the N-terminus (residues 1-232) are not strongly coupled
to the C-terminus (residues 233-385). Likewise, there are
no apparent intensity differences betweenâC232 andâ in
the spectral regions 1400-1410 and 1700-1730 cm-1,
indicating that the eight fewer carboxylates (7D+ 1E) of
the former are unaffected by C-terminal truncation.

(4) InVestigation of Interaction betweenR andâ Subunits

Fang and Cech (1993c) investigated putative interaction
betweenR and â subunits using UV cross-linking and
denaturing gel electrophoresis. At the experimental condi-
tions employed (<1 µM protein concentration), these authors
concluded thatR andâ subunits do not interact appreciably
with one another in the absence of DNA.
We have used Raman spectroscopy to investigate the

possibility of interaction betweenR andâ subunits at higher
protein concentrations (>1 mM). In Figure 5, the solution
Raman spectrum of an equimolar mixture ofR and â is
compared with the spectral sum of constituents. The
computed difference (bottom trace) is a virtual null spectrum,
indicating that neither frequency shifts nor intensity changes
occur in Raman bands ofR or â upon mixing the subunits
at this concentration. In particular, the absence of difference
bands in the amide I and amide III intervals confirms no
appreciable change in secondary structure within the preci-
sion ((1%) of the amide band measurements. In addition,
the barely detectable difference features that are observed
(small frequency shift of the phenylalanine marker near 1002

FIGURE 4: Thermostability of theâ subunit of theOxytricha
telomere binding protein as monitored by Raman difference
spectroscopy. Conditions are given in the Figure 3 legend.

FIGURE 5: Comparison of the Raman spectrum of an equimolar
mixture ofR andâ subunits (top trace) with the spectral sum of
constituents (middle trace) at 10°C. The difference spectrum
(bottom trace), computed as mixture minus sum, is normalized to
minimize the difference intensity of the sharp phenylalanine band
near 1002 cm-1 in each spectrum. Other conditions are given in
the Figure 3 legend.
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cm-1 and small intensity change of the aliphatic CH
deformation marker near 1450 cm-1) correspond to only the
most intense Raman bands in the parent spectra and indicate
that side chain environments, and therefore the subunit
tertiary structures, are largely conserved in the mixture. This
conclusion is consistent with our native PAGE analyses,
which reveal only small changes in gel mobility ofR andâ
in equimolar mixtures up to 70 mM concentration. The
absence of significant Raman difference features in Figure
5 is consistent with the absence of interactions betweenR
andâ subunits (although interactions via rigid body interac-
tions cannot be ruled out).
Figure 6 compares Raman spectra of an equimolar mixture

of R andâ subunits as a function of temperature between
10 and 50°C. These results show that, in the mixture ofR
andâ, the respective subunits exhibit the same thermolabili-
ties evident in Figures 3 and 4. We conclude that the subunit
thermostabilities are not altered in the equimolar mixture.

DISCUSSION AND CONCLUSIONS

Although theR andâ subunits of theOxytrichatelomere
binding protein have been extensively investigated using
biochemical methods (Fang & Cech, 1993a; Fang et al.,
1993; Gray et al., 1991; Hicke et al., 1990, 1994; Price &
Cech, 1987), very little structural information at the molec-
ular level is available. The present work provides a starting
point for elucidating molecular structures and interactions
of these telomere binding proteins.
C-terminal truncation of theâ subunit at residue 232 does

not eliminate its ability to form a ternary (R:â:DNA) complex
(Fang & Cech, 1993a; Fang et al., 1993). However,âC232
is unable to promote the formation of parallel quadruplexes
in guanine-rich telomeric DNA sequences tested for this
activity by Fang and Cech (1993a). Conversely, N-terminal
deletions (residues 1-122 and 1-192) eliminate ternary
association activity, but retain the capability to promote

guanine quadruplexes (Fang et al., 1993). These results were
interpreted by Cech and co-workers as evidence that the
nativeâ subunit comprises two functionally distinct domains,
(i) the N-terminal domain, which is required for ternary
association and (ii) the C-terminal domain, which is required
for DNA quadruplex formation. Application of Raman
difference spectroscopy to the present samples is expected
to shed further light on this question. Specifically, subtrac-
tion of the spectrum ofâC232 (N-terminal domain, Figure
1, bottom) from that of the fullâ subunit (Figure 1, middle)
is expected to provide insight into structural features of the
putative quadruplex forming domain (C-terminus).
Figure 7 shows the difference spectrum generated by

subtraction of the Raman spectrum ofâC232 from that of
the full â subunit. This difference Raman spectrum is
expected to approximate the Raman signature of the domain
comprising residues 233-385, i.e., the domain active in
guanine quadruplex formation. Interestingly, the resulting
amide I and amide III profiles are similar in shape to those
of the full â subunit. This is in accord with the conclusion
reached above that secondary structures of the full protein
and of theâC232 fragment (N-terminal domain, residues
1-232) are similarly rich inâ-stranded structure and
deficient inR-helix.
The difference spectrum of Figure 7 nevertheless displays

an unusually broad amide I band, as well as an amide III
band centered near 1250 cm-1. Both of these features are
characteristic of an irregular main chain conformation. This
implies that the C-terminal domain is somewhat disordered.
That theâ domain putatively active in quadruplex formation
comprises a disordered main chain is consistent with the
recently determined crystal structure of another telomere
binding protein, the yeast RAP1 protein (Ko¨nig et al., 1996).
In RAP1, the C-terminus is thought to play a crucial role in
DNA binding by wrapping around the major groove of the
telomeric DNA duplex (Henry et al., 1990). A similarly
unstructured element in theOxytricha â subunit may be
required for recognition of the telomeric repeat and for
promotion of guanine quadruplex structures. The highly
basic amino acid composition of the C-terminal domain

FIGURE 6: Thermostability ofR andâ subunits of theOxytricha
telomere binding protein in an equimolar mixture as monitored by
Raman difference spectroscopy. The sample was prepared by
mixing equal volumes of solutions of the two subunits, each at
approximately 50 mg/mL in sample buffer at pH 7.2. Other
conditions are given in the Figure 3 legend.

FIGURE 7: Raman spectrum of the C-terminal domain (residues
233-385) of theâ subunit of theOxytricha telomere binding
protein. The spectrum was obtained by subtracting the spectrum
of âC232 (Figure 1, bottom trace) from that of theâ subunit (Figure
1, middle trace) using the phenylalanine peak at 1002 cm-1 as the
intensity and frequency standard for spectral subtraction. The
intensity that remains at 1002 cm-1 in this difference spectrum is
due to the single phenylalanine residue (F337) in the C-terminal
domain. Experimental conditions are given in the Figure 1 legend.
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[residues 233-385 contain 38 lysines and 3 arginines (Gray
et al., 1991)] is also consistent with a nucleic acid recognition
motif (Harrison & Aggarwal, 1990; Pabo & Sauer, 1992).

In comparison to theâ subunit, theR subunit is even richer
in â-strand secondary structure. In fact, the Raman amide
markers suggest very littleR-helix structure in theR subunit
(note the deep trough between 1265 and 1319 cm-1 in the
amide III interval and the relatively narrow amide I band at
1667 cm-1 in the top trace of Figure 1).

We find no compelling evidence in Raman spectra (Figure
5) of specific interaction betweenR and â subunits. In
particular, neither subunit conformations nor side chain
environments are altered significantly in theR/â mixture,
with the possible exception of a small net change in aliphatic
side chain environments (1450 cm-1 marker). This is
consistent with native gel studies of Fang and Cech (1993c),
indicating the absence ofR/â interactions in dilute sample
preparations. Accordingly, we conclude that even at the
higher concentrations employed here,R/â interactions do not
occur or at least do not generate rearrangements of secondary
structure and changes in side chain environments. Native
gel electrophoresis of the same samples probed by Raman
spectroscopy confirmed no appreciable interaction between
R andâ, in agreement with previous studies (Fang & Cech,
1993c).

Cech and co-workers demonstrated that bothR and â
subunits of theOxytrichatelomere binding protein can bind
noncooperatively to telomeric DNA (Fang & Cech, 1993b;
Fang et al., 1993). These binary complexes,R:DNA and
â:DNA, exhibited different DNA methylation protection
patterns. Additionally, theâ subunit alone is sufficient to
promote the formation of guanine quadruplexes, while the
R subunit apparently is not. BothR:DNA andâ:DNA are
relatively unstable, as judged by association/dissociation
kinetics (Fang et al., 1993). Conversely, the ternary complex
(R:â:DNA) is formed cooperatively and is highly stable; yet,
it exhibits no evidence of telomeric quadruplex formation.
The R:â:DNA complex is also characterized by a DNA
methylation protection pattern different from that of either
R:DNA or â:DNA. The molecular basis of protein-DNA
recognition in these binary and ternary complexes remains
unresolved. Also unknown is the conformation of telomeric
DNA in complexes with the telomere-binding-protein sub-
units. These and related structural issues can be addressed
by Raman spectroscopy (Miura & Thomas, 1994; Miura et
al., 1995). The present study has provided the Raman
signatures of theOxytrichatelomere binding proteins in the
absence of cognate DNA sequences. The results serve as
the benchmark for subsequent study of telomeric protein-
DNA complexes. The next paper of this series (Laporte &
Thomas, 1997) will focus on (i) how the Raman signature
of protein structure responds to recognition and binding of
telomeric DNA and (ii) the conformation of telomeric DNA
in complexes with telomere binding protein subunits.
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