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Abstract

Interactions of water soluble cationic oxovanady! (IMesetetrakis(1-methylpyridium-4-yl)porphyrin (G¥(TMPyPY*) with double
stranded poly[d(A-T], poly[d(G-C),] nucleotides and calf thymus DNA were studied by the Raman spectroscopic techniques as well as
the polarization spectroscopic measurements. The ground state Raman ban#q®MPyYP)* observed in the presence of poly[d(AT)
were almost the same as those observed in a pure water solution except the slightly up-shifted Raman band)(@6®tnis ascribed
to the V0O stretching mode of six-coordinated complex, "O¥,0)(TMPyP}*. On the other hand, in the presence of poly[d(G}Ca
markedly up-shifted Raman band was observed at 992 dmdicating that OW (TMPyP)* interacts with poly[d(G-G)J by losing the sixth
axial ligand. In the presence of calf thymus DNA, the® stretching band was observed to be resulted by combination of those observed in
poly[d(A-T),] and poly[d(G-C}]. The polarization spectroscopic studies with these results imply th&(OMPyP)* interacts with DNA in
different groove binding patterns originated from the formation of five-coordinated adducts in the G-C pair-rich regions and six-coordinated
adducts in the A-T pair-rich regions. The down-shifts of core-size sensitive transient Ramanbamdis{ modes) in the presence of nucleic
acids illustrate an increase of the core-size of porphyrin macrocycle in the excited triplet state. The transient Raman bands related to pyridine
group were observed, and they are interpreted to be due to the excited-state charge transfer from porphyrin ring to peripheral substituents.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction in the field of photodynamic therapy. It is also known that
a direct interaction and strong binding of metatitese

Interaction of porphyrins derivatives with DNA has been tetrakis(1-methylpyridium-4-yl)porphyrin ((M-TMPyBY)
an interesting subject since the pioneer work of Figl with DNA is involved in the biochemical mechanism for
and Pasternack and Giblig]. Porphyrins have served as its selective uptak§3,4]. Furthermore, interactions of some
excellent probe molecules to monitor the structure and water-soluble metalloporphyrins such as Au(lll), Pt(ll),
dynamics of nucleic acids as well as proteins. Particularly, Pd(ll), and other heavy metal derivatives of(AMPyPY*
water-soluble metalloporphyrins have drawn much attention with nucleic acids have also been extensively investigated
by using NMR, steady-state and time-resolved fluorescence,
and resonance Raman techniques, even though a number of
. : guestions for the excited-state interactions of the metallopor-
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DNA has not been systematically studied as compared to  H.C CH,
the interactions with the active sites of heme protein such as N7
peroxidases, catalases, and cytochrome P4568].

The oxovanadyl porphyrins contain a stable\Obond,
serve as convenient model systems for more active ferryl-
oxo porphyrins[9] and are widely distributed as naturally
occurring components in petroleum deposits and source
rocks[10]. Such geoporphyrins are of biological origin, and
their diagnosis provides a useful molecular fossils record
of past environmental conditions in these geological for-
mations. It is also known that their coordination chemistry
plays animportantrole in catalytic deactivation in hydrotreat-
ing processe§ll]. Oxovanadyl porphyrins also act as the
photoactive components in electrophotography applications
[12].

Oxovanady! (IV) porphyrins are paramagnetit @bm- /N H By
plexes and consequently can be expected to exhibit peculiar ¢ CH,
photophysical behaviorfl3]. An unpaired electron in the
dyy orbital for oxovanadyl porphyrins results in a splitting Scheme 1.

of the porphyrin ring triplet state arising from a strong in-

teraction between the electronic system of the porphyrin ~ cleotides and calf thymus DNA solutions. The binding

ring and the unpaired electron in the metg} drbital. The patterns of the metalloporphyrins with DNA in the excited

resultant T/4T(m, 7)) states probably play significantroles ~state as well as in the ground state are discussed based on

in the relaxation dynamics of photoexcited oxovanadyl por- the relative Raman frequency changes of \GVMPyPY*

phyrins, since the spin states of the lowest excited and as the porphyrin interacts with different base pairs of DNA.

ground porphyrin ring states are doublégy versus2S)

[14]. Furthermore, the unpaired electron can also invoke sev-

eral charge transfer transitions such as ring-to-metatlj, 2. Experimental

metal-to-ring (d=), metal-to-metal (d—d), and their mixtures

[13]. However, the detailed electronic nature of the quench- 2.1. Chemicals and preparation

ing state of oxovanadyl porphyrins is still controversial

[15]. oVvV(TMPyP)Y* was purchased from the Porphyrin Prod-
The resonance Raman (RR) studies of oxovanadyl por-ucts (Logan, Utah). Distilled water was further purified using

phyrins have been carried out in a great defel-20] Par- on a deionizer (ELGA, PL5241). Poly[d(A-7]) poly[d(G-

ticularly, Spiro and coworkerR0] exploited the H-bonding ~ C)2] and calf thymus DNA were obtained from Sigma

and the axial ligand interactions in the ground state of ox- Aldrich Co. Each DNA was used without further purifica-

ovanadyl porphyrins using the RR spectroscopy. Th®V  tion. All experiments were carried out at room temperature

Raman band of oxovanadyl porphyrins has been known toin a phosphate buffer at pH 7 (ionic strength=0.1M).

have a strong correlation with the axial ligation and also its The DNA concentration was determined by measuring the

electronic configuration. The frequency of th%—0O) mode absorbance at 260 nm. The base pairs/porphyrin ratio was

depends on the nature of the electronic structure, and the sol<a. 40. The final porphyrin concentration was caM8 The

vent also plays important roles. The presence and nature of gorphyrin stock solution was added to DNA solution and

(sixth) trans-axial ligand can have a substantial effect on the kept standing for 30 min before spectral measurements.

frequency of the/(V—0O) mode. However, the photophysical

behaviors of photoexcited oxovanadyl porphyrins have not 2.2. Transient Raman spectroscopy

been fully understood in the previous studies performed by

the RR spectroscof{t8]. Thus, there are necessities for fur- The transient RR measurement set-up was previously de-

ther investigations with the transient RR spectroscopy, which scribed in detai[21,22] The Raman spectra were measured

can provide direct information on the strength of the oxo- by photoexcitation with 416 nm pulses generated by the

metal bond and the electronic nature of porphyrin macrocy- hydrogen Raman shifting of the third harmonics (355 nm)

cles in the excited state. from a nanosecond Q-switched Nd:YAG laser. The sample
In this work, we have examined the transient RR and solution was flowed through a glass capillary tube at a rate

the ground-state RR spectral properties of tetracationic sufficient enough to ensure that each laser pulse encounters

oxovanadyl(1V) mesetetrakis(1-methylpyridium-4-yl)  a fresh volume of the sample. The Raman signals were col-

porphyrin (OVY (TMPyP)Y*) (seeScheme lin the presence  lected with a single pass spectrograph (Acton Research 500i)

of double stranded poly[d(A-3), poly[d(G-C),] polynu- equipped with a charge coupled device (PI LN/CCD 1152E).
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One-color transient Raman spectra were obtained by the 15
difference spectrum between intense (ca. 0.2 mJ/pulse) and OVIV(TMPyP)" —-5 - poly[d(A-T),]
weak (ca. 0.01 mJ/pulse) laser pulse excitations. The spectral —4—poly[d(G-C),]
features for the ground state porphyrins were subtracted to = = calf thymus

yield the excited state Raman spectra, using a subtraction 1.0 @
factor sufficient enough to avoid any negative features.

Absorbance

2.3. Polarized spectroscopy

Although porphyrins do not possess any chiral center, CD
spectrum can be induced by interaction between the por-
phyrin’s electric transition moments and chirally arranged
DNA base. CD spectra of the porphyrin-polynucleotide com-
plexes were recorded on a Jasco 815 spectropolarimeter. The
signal was averaged over an appropriate number of scans.

Linear dichroism (LD) is defined by difference in ab-
sorbance by an oriented sample between the par@l|gl (  Fig. 1. Absorption spectra of GY(TMPyPY* in poly[d(A-T)z], poly[d(G-
and perpendicularA} ) polarized light[23—-25] The mea-  C)]and calf thymus solution.
il[J)r?EEI)- r[)) @ﬁl(\:/kl‘dgdr sgtljgt{: ?#;2?12?;?ttlﬁgtt§pge|z;ig:dtlﬁce:ed poly[d(A-T),] solution which is similar to that observed in

orientation of the transition moment of drug relative to the pure water, reflecting that the interaction of the metallo-

T :
500 600

Wavelength (nm)

; : : . (TMPyPY* with poly[d(G-C)] is different from that with
local DNA helix, as shown in the following equation: poly[d(A-T)o] in pH 7 agueous solution. The absorption
D= D _Al—AL _ §S(3 c0f o — 1) changes of Soret and Q bands in calf thymus solution in-

A A 2 termediate between in poly[d(G-&)and in poly[d(A-T)].
whereSis the orientation factor such that 1 for perfectori- ~ However, the absorption maxima are more similar to that

entation ané= 0 for random orientation. It can be calculated in poly[d(A-T)2] than that in poly[d(G-Cy]. This result indi-

by assuming the angle of 86etween ther — =* transition cates that OV (TMPyPY"* interact with d(A-T} rich regions

of the DNA base and the DNA helix axj26]. The LD spec-  much more strongly than with d(G-&jich regions.

tra were recorded on a Jasco J 715 spectropolarimeter. For [n order to explore the interaction patterns, the CD and

LD measurement, a flow-orienting Cuvette cell device with LD spectra of the aqueous solution of &YTMPyPy*

inner-rotating cylinder was used as described by prand ~ measured in the presence of DNA, poly[d(Az])and

Seth[27]. The polarized light spectra were averaged over Poly[d(G-C)] were depicted irFigs. 2 and 3respectively.

several scans when necessary. When O\}V (TMPyP)4+ is associated with DNA and
poly[d(A-T)2], a positive CD signal in the Soret absorption

3. Results and discussion 6

Fig. 1 shows the absorption spectra of 8YTMPyPY*
in the presence of polynucleotides, exhibiting a Soret band
located at 435 and 443nm and visible Q-bands located
in the range of 550-620nm. The absorption bands of =
oV (TMPyP)* in the presence of various polynucleotides
and DNA are summarized ifable 1 The Soret band
(435nm) of OV (TMPyPY* in poly[d(G-C)] solution is
blue-shifted as compared to the one (443 nm) observed in

)

g

CD (mde,

Table 1
UV-visible spectral data for the OY(TMPyPY** in pH 7 aqueous and DNA -4 .
solutions 400 450 500
Complex A (nm) Wavelength (nm)

pH7 Poly[d(G-C}] Poly[d(A-T);] Calf

thymus Fig. 2. CD spectrum of OV (TMPyP)** complexed with various polynu-
v e cleotides in the Soret absorption band. (a) DNA, (b) poly[d(A}T]c)

OV (TMpy-PY ggi gg? ggg ggi poly[d(G-C)]. That of the OW (TMPyYP}*-poly[d(G-C)] complex is ten

602 590 603 600 times enlarged for easy of comparison. [polynucleotide] = i(base pair

and [porphyrin] = 3.M.
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Fig. 3. LD’ spectrum of the OV (TMPyPY* complexed with various o B 5
polynucleotides. (a) DNA, (b) poly[d(A-B), (c) poly[d(G-C)]. That of
the OV (TMPyP)Y*-poly[d(A-T)2] and -poly[d(G-C)] complex is en-
larged by 6 and 15 times, respectively, for easy of comparison. [polynu-
cleotide] = 12QuM base pair and [porphyrin] =3M. (b)

1363
1555
1646

region was observed. CD spectral features for both com-
plexes are similar, indicating that the interaction patterns of
oV (TMPyPY* with DNA and poly[d(A-T)] are similar. A
positive CD signal in the Soret region upon binding to DNA
is usually attributed to the groove binding mode without any @
stacking. Similar CD spectra of S TMPyPY* have been
reported[28]. Being consistent with that if28], the LD
spectra of the OV (TMPyPY*-DNA and OV (TMPyP)*- T . r - 1 1 1T 1
poly[d(A-T), exhibit the strong wavelength-dependent'LD 400 500 1090 1200 1200 1600 1500
in the Soret region, indicating that interactions gfdéhd B, Raman Shift (cm-!)
transition of the porphyrin molecule with DNA are different.
The degeneracy in the absorption band has been removedtig. 4. Resonance Raman spectra of QUMPyYPY* with the low-power
upon binding to DNA. The shape of the LBpectrum of (ca. 0.01 mJ/pulse) probe pulses at 416 nm: (a) in phosphate buffer solution
the OVY (TMPyP}*-DNA and OV (TMPyPf*-poly[d(A- (pH 7); (b) in poly[d(A-T)]; (c) in poly[d(G-C)]; and (d) in calf thymus.
T)2] is similar. This means that the binding geometry of
OVV(TMPyPY* to DNA and poly[d(A-T)] is almost  at the groove site of poly[d(G-G) However, the angle be-
identical. Together with CD result, it is conceivable that tween the porphyrin’s molecular plane relative to the DNA
OVY(TMPyPY* bind at the groove of DNA and poly- helix in OVVY (TMPyP)Y*-poly[d(G-C)] complex is consid-
[d(A-T),] and the binding geometry of porphyrin relative to  erably different from those in OY(TMPyPY*-DNA and
both polynucleotide is almost identical. It has recently been -poly[d(A-T)2] complex.
known that groove binding of TMPyP occurs at the minor Fig. 4a shows the ground state RR spectra of
groove[29,30] OVV(TMPyPY* in pH 7 aqueous solution recorded by a
On the other hand, the OTMPyPY** in poly[d(G-C)] very low-power nanosecond pulse excitation at 416 nm. The
solution exhibited a weak negative CD signal in the same Raman bands are readily assigned with reference to the nor-
region. The negative CD signal seems to imply that the mal mode analysis of similar metallo-(TMPyP3 [31-33]
porphyrin could be intercalated into the base pair of poly- The porphyrin macrocyclic bands are assigned as follows:
[d(G-C)]. If the porphyrin is really intercalated between the thev,, v4, andv(C,—Cp,) modes are assigned to the bands at
base pair, the reduced LD (I'Pspectrum in the porphyrin 1555, 1363, and 1013 cm, respectively (se@able 2. The
absorption region should be wavelength-independent with its pyridine bands are also observé(C,—Pyr) at 1253 cm?,
magnitude comparable or larger than that in the DNA absorp- §(Pyr) at 1219cm?, §(Pyr)+v(N*—CHs3) at 1189cnr!
tion region. However, the OV (TMPyP)Y*-poly[d(G-C)] andv(C—C)pyr+ v(N*—CHg) at 792 cnvl, respectively. On
complex also exhibited the wavelength-dependeritdizc- the other hand, the strong 955thband in pH 7 aqueous
trum in the Soret band with its magnitude smaller than that solution is assigned to the \D stretching mode of the
in the DNA absorption region. Therefore, despite the neg- six-coordinate aqua adduct, &\(H,O)(TMPyPY* [20].
ative CD signal, OW (TMPyP)Y* is ascribed to be bound The V-O bond is considered to be resulted frardonor
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Table 2
Raman frequencies (cm) and band assignments of \(TMPypy+ab.c
oV (TMPyPy*
Assignment pH 7 Poly[d(G-G) Poly[d(A-T),] Calf thymus
ba, 5(pyr) 1646 (-4) 1644 (-10) 1642 (0) 164546)
v2, (CpCp) 1555 (-5) 1561 (-8) 1555 (-2) 1562 (13)
v3, 1(CoCp) 1462 1452 1458 1456
v4, (CeN) 1363 (-13) 1364 (-8) 1364 (7) 1363 7)
v1, 8(Cm-pyr)2 1253 (-4) 1253 (-8) 1257 (-2) 1254 (-3)
S(pyr)? 1219 (0) 1219 (0) 1221 (+5) 1226-8)
8(pyr) +v(N*—CHz)? 1189 (0) 11885) 1191 (0) 11905)
vg, 8(Cg—H) 1103 (7) 1103 (5) 1103 (0) 1104(13)
ve, V(Co—Cm) 1013 1009 1013 1009
»(OV) 992 ~992
v(OV)- - -(Ho0) 955
v(OV)- - -(Ho0)° 963 966
v7, 8(CCph 905 (-3) 905 (0) 905 (0) 9074)
V(CClyyr + V(N*—CHg)? 792 (0) 795 £5) 793 (-2) 793

@ From Ref.[31].
b From Ref[32].
¢ From Ref.[33].
d From Ref[20].
€ In DNA values in parentheses are shifted values in the excited state.

interaction between the filled? p, orbital and the empty
\Vas df orbital, andm-donor interactions between the filleg p
and  orbitals and the emptygand g, orbitals. This builds

up a formal \-O triple bond, reflected in the high frequency
stretching mode at1000 cnt!. The V-0 bond strength is
affected by axial ligation of the coordinating solvents. The
V-0 bond becomes weak by electron donation from the
sixth ligand (L), which reduces the-© V donation: L and O
compete for the same V acceptor orbitah(is-effect[34]).

In the poly[d(A-T)] solution (Fig. 4b), most of the Ra-
man bands are similar to those in pure water solution with
a slightly up-shift of the VO stretching band appearing
963cnTl, as expected from the absorption spectra. This
indicates that the 963cmt band in poly[d(A-T)] is at-
tributed to the O stretching mode of six-coordinate adduct,
oV"V (H,O)(TMPyPY*. This observation implies that the
microenvironment in poly[d(A-T)] is slightly nonpolar as

approximately 37 cm! from that in pure water. The large
up-shifted \\-O stretching band and the loss of Raman inten-
sity in poly[d(G-C)»] correspond to the loss of the sixth axial
ligand through the interaction between the O MPyP)y+

and poly[d(G-C}], forming a stronger VO bond. Simi-
lar phenomena of five-coordinate ®\(TMPyPY* complex
has been reportef@5]. The ground state Raman spectrum
of OVVTMPYP in calf thymus DNA solution is shown
in Fig. 4d. Two characteristic Raman bands at 966 and
1009 cnt ! are observed. The former could be easily assigned
to the V-0 stretching mode of the six-coordinate adduct,
OV (H,0)(TMPyPY* in A-T pair rich region. The latter
band is attributed to thgC,—Cp,) stretch. On the other hand,
The broadening of band (fwhm =18 cit) at 1009 cn? in

calf thymus or poly[d(G-C)] solution can be observed, com-
paring with that (fwhm =10 cmt) in pH 7 or poly[d(A-T)]
solution. Therefore, in OV (TMPyP)** containing calf thy-

compared with aqueous solution according to the outside mus or poly[d(G-C}], we suggest that the YO stretching

groove binding. On the other hand, the® stretching band

in poly[d(G-C)] solution (Fig. 4c) is markedly up-shifted
to 992cm! as compared with that observed in pure wa-
ter. Previous studies for many other metallo-(TMPYRug-

at~992 cnt! of the five-coordinate adduct overlap with the
v(Co—Cm) stretching band.

Fig. 5a presents the transient Raman spectrum of
OVV(TMPyPY* in pH 7 aqueous solution obtained by

gestthat the intercalation of tetracationic porphyrin inside the the high-power 416 nm single pulse excitation. The Raman

poly[d(G-C),] strand occurs. In general, free base porphyrin
and square planar metalloporphyrins such #-Nind C§*-
porphyrins intercalate between the base pairs of DNA, while
metalloporphyrins such as Mf, Fe*- and C*-porphyrins
having axial ligation site or those with bulky substituents
on the periphery of the structure are prohibited to be inter-
calated. Therefore, in case of oxovanadyl porphryin having
the axial ligation site ©V, intercalation is not probable in
poly[d(G-C),]. Nevertheless, it is likely to form the five-
coordinate complex, QY (TMPyP)** since the VO stretch-

ing band in poly[d(G-G)] solution shows large up-shift by

spectral features for the ground state'OTMPyPY** were
subtracted to yield the excited state Raman spectrum using a
subtraction factor sufficient enough to avoid any negative fea-
ture. The excited-state transient Raman spectrum s character-
ized by the down-shift of the core-size sensitive Raman bands
appearing at 1350, 1437, and 1550¢ncompared with the
ground state Raman bands and the prominent enhancement
of the pyridine-related bands appearing at 1642, 1249, 1219,
1189, and 792 cmt. Itis well known that the'; andd4 mode
appearing at 1249 and 1642 chrespectively are indicative

of the extent of the porphyrin ring-to-aryl charge transfer. The
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peripheral group. Therefore, the enhancement of these modes
also reflects an increasettelectron conjugation between
porphyrin plane and peripheral groups probably induced by
the rotation of peripheral groups toward porphyrin plane.

On the other hand, in the transient Raman spectrum
oVV(TMPyPY* in poly[d(G-C)] (Fig. 5c), the characteris-
tic triplet state bands related to aryl stretching at 1634, 1245,
1219, 1183 and 790 cnt are very slightly enhanced com-
pared with those in poly[d(A-B) and calf thymus Eig. Sb
and d). It has been well established that the enhancement
of mesosubstituted phenyl group is characteristic of the
triplet state RR spectra of normal- and/or free-bassse
tetraphenylporphyrins. The smaller enhancement of Raman
bands related tmesearyl of OV!Y (TMPyPY** in poly[d(A-
T).] indicates that the CT state is located at lower energy
compared with the triplet state. Therefore, the triplet life-
time of five-coordinated OV (TMPyPY** in poly[d(G-C)]
is shorter than those in other DNA solutions. The lifetime
of the triplet state in pH 7 buffer solution was determined
to be ca. 66 ns. However, the lifetime of the triplet state in
poly[d(G-C)] as is too fast to be measured by using the laser
flash photolysis with céb ns pulse. The existence of the fast
decaying process implies that a certain quenching (Q) state
is located lower than the triplet state, and this state acts as
deactivation state. The electronic nature of the Q state has
not been exactly assigned as to whether4t+sl, d-ar or d—d
CT states, since there is a lack of experimental evidences on
the CT states. However, if the Q state is thal CT state, the
electronic structure of porphyrin macrocycle in this excited
state becomes similar to that of the cationic radical species.
In the previously reported Raman spectra of cationic radi-
Raman Shift (cm-!) cal of OVVTPP[15], the v, andv,4 bands shifted to lower

_ _ frequencies. Because similar changes were also observed in

Fig. 5. Nanosecond transient resonance Raman spectra 6{OMPyP Y

. ¥ ( +
with the high power (ca. 0.2 mJ/pulse) both pump and probe pulses at 416 nm:tranSlent Raman spectra of MPyP)Af in DNA solu

(a)in phosphate buffer solution (pH 7); (b) in poly[d(AsT)(c) inpoly[d(G-  toNS, we suggest that the Q state is thel CT state.
C)]; and (d) in calf thymus. The enhancement oghesearyl related Raman bands of

oV (H,0)(TMPyPY* in poly[d(A-T).] or calf thymus so-
v1 mode assigned tofzaryl stretchingis intense inthe triplet  lutions corresponding to the triplet state indicates that the
state Raman spectrum in parallel with the enhancement of thetriplet state is located at lower energy rather than the CT
&4 mode. Thevy mode is expected to be rather insensitive to state Fig. 5o and d). Although the transient Raman spec-
the geometry of aryl group because the center of mass of thetra of its six-coordinated adducts by @ ligand can be ob-
aryl group plays a major role in determining the frequency served, the difficulty in recording those of its five-coordinated
of this mode. But the; mode has a contribution from the in-  adducts in poly[d(G-G) solution gives a clue to address
ternal aryl mode that is suggested to arise from the porphyrinthe electronic nature of the main quenching state. The six-
ring-to-aryl charge transfer. Thus, the enhancement of the coordinated adduct is richer in electron density as compared
internal aryl modeds mode) and theq mode indicates the  with the five-coordinated one. Then, the formation ofthel
porphyrins ring-to-aryl charge transfer in the triplet state. CT state in the six-coordinated adduct is expected to be less
Furthermore, the transient Raman bands at 792, 902 ancefficient than the five-coordinated one. This explains why the
1012 cnt! are predominantly enhanced in the transient RR deactivation of six-coordinated adduct is slower than that of
spectrum of OW (TMPyPY** in pH 7 aqueous solution. The  the five-coordinated ond{g. 6).
792 cn! band is assigned to th€CC)pyr andv(N*—CHa) In conclusion, the polarized spectroscopic studies of
mode. The 902 cm! band is assigned to the mode, and ~ OV'Y (TMPyPY** with the polynucleotides demonstrated the
the band at 1012 crt to thevg mode. TheC,—N stretching  groove binding mode of OV (TMPyPY** with DNA and
is mainly responsible for the; mode, but the €C stretching polynucleotides. The Raman features obtained for these com-
in peripheral group contributes considerably to this mode plexes are in agreement with the dominant types of the por-
[20]. Thevy mode is characterized by the CC deformationin phyrin interaction with the nucleic acid, i.e., weak external

1549
1639

-~
o
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1634

1245

(c)

(b)
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