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On the Nature of Water Bound to a 
Solid Acid Catalyst 

L. Smith, A. K. Cheetham," R. E. Morris, L. Marchese, 
J. M. Thomas," P. A. Wright, J. Chen 

The nature of the species formed when water interacts with B r~ns ted  acid sites in a 
microporous solid acid catalyst, HSAPO-34, was studied by powder neutron diffraction 
and infrared spectroscopy. Previous infrared and computational studies had failed to 
unambiguously establish whether water is protonated to form hydronium (H30+)  ions or 
is merely hydrogen-bonded to acid sites inside the zeolite. Our experiments clearly 
showed that both species are present: An H30+ ion is found in the eight-ring channel of 
the zeolite and a second water molecule is hydrogen-bonded to an acid site on the 
six-ring. 

T o  uniierstand more about the nature of 
the acid sitcs 011 solid catal\-sts 1s of both 
fundamental and profouncll\- practical lm- 
portancc. A probe molccule of Inore than 
acaclc~nic Interest in ascertalnlng the  
strength of the Brgnsted acici1t)- (proton- 
dollati~lg power) 1s lvater. Although the 
donating propens~ty ot a b r ~ ~ i g ~ ~ l g  hyi i r~xyl  
111 alumlni~s~licate anii s~licoalum~nophos- 
phate (YAPO) catalysts (Ychcme I )  is 

copy, that H,OL and hydrogen-honded wa- 
ter coexlst a t  the lntcrior surface of a pow- 
erful ncw s)-nthetic catal\-st, HSAPO-34, 
which 1s structurally analogous to, but corn- 
positionally iilstinct from, the seolitic min- 
eral chabazite (5). Whereas in  chabaxtc all 
the  tetrahedral (T) sites are tella~ltcd b\- 
either S1" or A13+ ions, Al anil P Ions 
occupy the T sites alternately in HSAPO- 
34, and some SI 1011s rcside in the sltes 

Structure I -H,O 

Structure II Structure Ill 

Scheme l 

known to bc hlgh, the   no st sophisticateel 
q u a n t ~ ~ ~ n  ~nechanical conlputat~ons reveal 
( I )  tlhat no h y d r o n i ~ ~ ~ n  io11s (structure 111, 
Sche~l lc  I)  form, just Ilyilrogcn-boniled spc- 
cies (structure 11, Scheme I) .  Al t lho~~gh 
solne experimental studies may be inter- 
preteii in these tcrllls ( 2 ) ,  o t h e r  (3 )  point 
strongly to the f;)rmation of H , O t .  Bccallse 
solid (molecular sieve) catalysts are extcn- 
sively useil petrochemically (4 )  and are cen- 
tral in the  desigrcn of superior m~tc r i a l s  for 
converti~lg alkanes to hranchecl-chain iso- 
lncrs of highcr octane number, it is impor- 
tant to elucidate their Brcinsted acidit)-. 

Here we show, hy a comhinatlon of neu- 
tron diffraction anil infirareel (IR) spectrus- 
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normally occupied by P. HSAPO-34 is ac- 
knowlcdged to he a poarerf~ll catalyst, with 
gooil performance in converting methanol 
to I~gllt c i lke~~cs  (6) .  

I n  HSAPO-34,  tllerc arc two ilistinct 
k i~ lds  of briiiging hydroxyls, charactcrizcii 
by IR stretclling frequencies at 3615 clllP1 
( t h e  so-callcd hig11-freiluency nlodc) and 
a t  3600 c m P 1  ( t h e  l o \ v - f r e ~ ~ u e n c ~  mode) 
(Fig. I ) .  This finding is in  agreement with 
rccent neutron diffraction stuilies of Llel~y- 
dratcil HSAPO-34,  which rcvcaled pro- 
t o n  a t  four-ring anii six-ring oxygen sites 
(7). Our  earlier iiiffi~sc rcflccta~lcc IR Fou- 
rier transfi~rm spectroscopy (DRIFTS) 
ineasurements ( 3 ) ,  allied to quantitative 
microgravimetr)- on progressively iiehy- 
ilrated HSAPO-34,  inilicated that,  a t  
room temperature, there is a stoichiornet- 
ric proton transfer from one  of the  Brgn- 
s tcJ  sites to  hound water, thereb)- forming 
H,O (structure 111). Our  interpretation 
concurreil \vith tlhat of Jentys et  i l l .  (8) hut 
it contr;ldicteci that  of Parker er i l l .  (9), 



who favored structure 11, which is merely a 
hycirogcn-boniied state. Theoretical stud- 
ies hv  van San ten  and Kramer (1 0). Pel- , , ,  

mcnschikov and van San ten  ( I  I ) ,  Sauer e t  

al. (12) ,  and Gale (1 3 )  all favor structure 
I1 in  preference to  111, although a very 
reccnt computation that  used a n  a12 initio 
local dcnsit)- functional procedure for a 
sizable cluster of T sites with llridging 
hydrox)-1s has shown that  a molecule of 
mcthanol certain1)-, and a less hasic mol- 
ecule such as watcr possih1)-, ma)- accom- 
modatc co~np le te  proton transfer from aciii 
aluminosilicatc catalysts (14) .  

Our  most recent IR studies have re- 
vcaled a lhitherto undetected iiouhlet a t  
765 and 795 c n '  that  coulii be assigned 
to "out-of-plane" y modes of OH pcr- 
turbed by H-honds (Fig. 1 ) .  Ovcrtoncs of 
these absorptions ( 2 y o H , ,  ,C,) as well as 
overtones of "in-plane" 6  nodes 
(26 ,,,-, , , , ,,) ( the  other deformation vihra- 
tions of Brgnsteii O H  groups), also per- 
turbed hy H-bonds, can produce two 
Evans windon,s a t  2700 and 1560 cm- ' .  
These ohservatiotls cointiel us to reconsid- 
cr our earlier assignment. It is now more 
likely that ,  as Pelmenschikov, van Santen,  
and co-workers (2 )  hail earlier suggesteii, a 
loosely bound Hz@.  . . H A  colnplex (struc- 
ture 11) exists, hecause the  stiectral obser- 
vations may also he r a t i o n a l i d  as arisi~lg 
from Fernhi rcsonancc betlveen thc  funda- 
mental srretchine and the  overtone bend- 
ing vibrations of s ~ ~ c h  a complex. 

Adsorption of water vapor on to  
HSAPO-34 (Fig. 2,  curve a )  deplctes the  
IR ahsorption bands of the  lxiiiging OH 
(sce negative pcaks a t  3625 and 3600 
c m p '  in Figs. I and 2 ) ,  whcrcas a new 
absorption appears a t  3680 c m p l ,  with a 
shouliler a t  3650 c m p l .  W h c n  cnough 
water vapor is added (sufficient to fill all 
t he  cavities of thc  HSAPO-34) ,  the  3650 , , 

c m p '  shoulder becomes a dominant fea- 
ture of the  spcctrum (Fig. 2, curvc b ) ,  and 
simultaneousl\- t he  deformation modes of 
the  protons disappear; it is likely that  in 

Table 1. Fractonal coordnates and U,,, (isotropic temperature factors) for hydrated HSAPO-34; The 
crystallographic space group IS R-3 (hexagonal, no. 148) wlth lattice parameters a = 13.7706 (7) A and 
c = 14.9840 (9) A (numbers in parentheses are standard errors In the last diglt or diglts). 

Atom x/a (A) ~ / a  (A) z/c (A) Occupancy u,,, (A') 

this case H , 0 2 +  ili~ners as lvell as clusters 
of hydrogen-bondcd ~noleculcs akin to 
those in lic1uiil water are formed (15) .  
Such helhavior indicates that  tlvo differctlt 
hound watcr species coexist when the  ra- 
tio of H 2 0  to H +  is I :  1; that  is, a proto- 
natcd water ( H , O + )  and a hydrogen- 
honiied watkr. 

\Ye have now conducted powder neu- 
tron difkaction studies (16) o n  dcuterateii 
well-cr)-stallized spccinle~ls of hydratcii 
H5APO-34, thc  aim being to analysc the 
po\vder diffraction pattcrn by the Riervelii 
method. Here we report such a study, lvhich 
provides direct evidence of thc  coexistc~lcc 
of the two types of h i ) ~ ~ n d  lvater. 

Tlhe powdcr sample was deuterateii 
tlhrough cxchange lvith D,O at  60" to  
80°C and was loaded with GO so that thc  
amount of D,O was equal to  thc  n ~ ~ ~ n h e r  of 
D atoms present in the  sample. Powder 
neutron diftraction data \\ere collccted a t  
l00 K ~ r i t h  a neutron n ~ ~ v e l c n g t h  of 1.5390 
A on the  diffracto~ncter a t  tlhc National 
Institute of 5tandards and Tcchnolog\- 
( N I S T ) .  Tlhe structure was refined h\- the  
Rietveld ~net l lod (17)  with the  G S A 5  

Fig. 1. Infrared spectra of H,O ad- 
sorbed on HSAPO-34: Curve a was 

: 3625 

recorded once a dose of water suf- 3600 
1 - 

f~cient to nteract wlth all Bronsted  OH 0)  765 

OH was admtted (the spectrum 1s = 
reported as a difference spectrum s 
wlth respect to the dehydrated - 
sample). Absorbance is ~n arbitrary 6 
units (au). Inset: Curve b is the 
spectrum in the OH stretching re- 3 2 
gion of dehydrated HSAPO-34, and a 0 - 
curve c IS the spectrum obtaned on I- 3600 

I 
the adm~ssion of H,O (under the I 

I , I , I , I , I , I ,  

Wave numbers (cm-') 

2700 (260, o) 1560 (ZbH oj 
same conditions as curve a). 3625 

4000 3500 3000 2500 2000 1500 1000 

suitc of prograins (18) .  T h e  space group, 
R-3, and the  preliminary positions of the  
framework atoms \Yere taken fro111 the  
structure of the  dehydrated form of 
HSAPO-34 (7).  Silicon atoins \\,ere 

placed exclusively at  p h o s p h o r ~ ~ s  sitcs and 
held a t  fixed fractional occupancies based 
o n  previous ~nag ic  angle sp~nt l ing nuclear 
magnetic resonance studies ( 19) .  T h e  
T-O bond distances in the  framearork 
were constrai~led earl\- in the  refinement 
to match knolvn ch'cmical trends, but 
these soft constraints were latcr removed. 
T h e  positio~ls of the  O and D atoms from 
the  water m o l e c ~ ~ l c s  and deuterons from 
the  acid sites wcre subject to  soft con-  
straints with the0use  of a n  0 - D  bond 
distance of 1.00 A. T h e  fractional occu- 
pancies of the  O and D atoms of the  D ,O+ 

Wave numbers (cm") 

Fig. 2. Enlarged vew~ of the OH stretchng region 
of the IR spectra of H,O adsorbed on HSAPO-34. 
Curve a is the same as in Fig. 1 ;  curve b is the 
spectrum of the HSAPO-34 with H,O filing the 
microcavities. Absorbance is in arbitrary unts (au). 
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2.37 A from O(4) .  The acid site deuteron is Table 2. Selected bond distances and angles for hydrated HSAPO-34. T(1) is e~ther silicon or 
phosphorus. 

, , 

thus at a distance to forin a weak hydrogen 
bo~ld with the four-ring oxygen. These inter- 
actions inav nre\Tent the water illolecule from Bond distances (A) Bond angles (degrees) 

, 
further approaching the acld site and remov- 
ing the deuteron froin the frameu~ork. 

A D,O- ion is the predominant species, 
occupying 61"o of the uni: cells (Fig. 4 ) .  The 
acid deuteron sits 1.50 A froin3tlie fraine- 
work oxygen, O ( 1 )  and 1.14 A froin the 
oxygen of the D,Ot ion. The osrgen of the 
hydroiiium Ion is located 2.51 A from the 
acld site oxygen O(1) .  This positlon allows 
the H,O- ion to sit in the large eight-ring 
cha~lnel of the structure. Another deuteron 
from the D,Ot ion i~iteracts n.ith the frame- 
work, if only weakly. The 11ydroni~11; is ro- 
tated so that this deuteron lies 2.52 A from 
framen~ork oxygen 0 ( 2 ) ,  at a distance that is 
short enough for a weak hydrogen bond to 
form. The interaction of the tn70 deuterons 
n.ith the frameu~ork causes the third deuter- 
on on the D,Ot 1011 to point to the center of 
the eight-ring channel, \\,here it is unable to 
liiteract with anv of the framen.ork oxvpens. 

Framework atoms 
A(1 )-O(1) 1.81 2 (1 3) 
A(1 )-O(2) 1 680 (1 9) 
A(1 )-O(3) 1.682 (1 6) 
A(1 )-0(4) 1.650 (1 4) 

Hydronium ion" 
0(5)-0(l) 2.51 
D(3)-0(1) 1.50 
D(2)-0(2) 2.52 

Hydrogen-bonded water" 
D(4)-014) 2.37 

'No SDs are glven because soft constraints ,h!ere used 

and D,O molec~~les  were co~istrained to 
give the correct stoichiometries, and the 
isotropic teinperature factors \yere coii- 
strained into groups representing T atoms, 
framework oxygens, aiid extra-framework 
species. Details of the refinement are giv- 
e n  in Tables 1 and 2 and the final ob- 
served and calculated profiles are present- 
ed in Fig. 3. 

Two acid sites were found in the refine- 
ment, D(3) and D(4). The fractional occu- 
pancies of these sites are: D(3), 20.6?6 in the 
vicinity of O(1); D(4), 17.1?6 attached to 
O(2) .  Water molecules are associated \\,it11 
each of these sites, designated by oxygen at- 
oms O(5)  and 0 ( 6 ) ,  respectively. The water 
inolecule close to the deuteron at O(2)  has a 
low occupancy and is less well defined than 
the hydronium ion (Fig. 4). The deuteron 
from the acid site at O(2)  1s at a distance of 

0.93 '4 froin the oxygen aiid 1.89 A from the 
water molecule. The distances indicate that 
hydrogen bonding, rather than hydronium ion 
formation, is responsible for the ~nteraction of 
a water molecule at this acid site. These deu- 

2 "  

In order to demolistrate the seilsitivity of 
the data to our final model, we ran a series 

terons are bent out the plane of the SI-0-A1 
bond by 34" and point ton~ard the interior of 
the six-rmg n.11ile lying slightly in the direc- 
tion of the adjacent four-ring. Thls geometry 
n ~ ~ ~ l d  seein to be more perturbed than ex- 
pected for an acid site deuteron anid must 
result from the influence of some n~eak hydro- 
gen bonding nit11 the fraine\\~ork oxygen. One 
of the water inolec~~le deuterons is at a dis- 
tance of oinly 2.52 ,4 from the O(3)  frame- 
work oxygen, \\~hicli lies on the six-ring nit11 
O(2) .  The attraction of the deuterons on the 
water molecule toward these framework oxv- 

of calculations in which the two acid deu- 
terons, D(3)  and D(4) ,  were placed in 
alternative nositioiis. For the case in 
u711ich they are both present as conven- 
tioiial Br~ns ted  acid sites, hydrogen-hond- 
ed by water molecules, X' = 1.478; for tiyo 
hydronium ions, X' = 1.885; and for the 
case in ~vliich D(3)  is constrained to he 
bonded to O ( 1 )  and D(4)  to 0 ( 6 ) ,  X' = 

2.189. For comparison, X' for the final 
refinement was 1.199, sho\\.ing that the 
data are very sensitive to the fine details of 
the model. Iniieed. whereas our Fourier 

gens may also pull the acid site deuteron 
ton.ard the four-ring, leaving it at a distance of 

transform IR studies strongly imply coex- 
isting structures I1 and 111 of Schenle I ,  our 
neutron powder iiiffraction studies provide 
excellent evidence of such coexistence. 

11 I I I I I I I I 
0 20 40 60 80 100 120 140 

20 (degrees) 
Fig. 4. A ball-and-stick representation of the 
structure of hydrated HSAPO-34, showng both 
the hydronium o n  and a hydrogen-bonded water 
molecule. The figure depicts the oxygen and hy- 
drogen atoms as spheres: the tetrahedral atoms 
(Al, P, and SI) are omitted 

Fig. 3. F~na  observed, calculated, and difference profe plots for the neutron ref~nement 2f hydrated 
HSAPO-34 The data were collected at NlST with the use of neutrons of wavelength 1.5390 A that were 
selected with a Cu(311) monochromator. The least-squares refinement converged to final agreement 
factors of R,, = 5.72%. R, = 4.63%, and X2 = 1 199. The peak shape was ftted with a Gaussian functon, 
~11 th  full width at half m&iximum parameters as follo~?~s U = 51 1 (23). V = -364 (24), and W = 21 0 (6). 
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Deeper ins~gh t  into the na t~ l re  of the  pro- 
ton trallsfer to water could doubtless be 
achieved if neutron scatterlntr studies ne re  
made 011 progress~vely dehydrateii (or hy- 
drated) samples ot HSAPO-34.  

REFERENCES AND NOTES 

1 .  J. Sauer. C Komel. F Haase. R Ahr~cl is,  n PI-o- 
ceedwgs of the 11!1nti! 117teroatronai Zeol~te Confer- 
ence, ivlontreal, Canada. 1992, T van Ballmoos et 
a:. Eds. (Buttenr~orth-He~ne~~atin, Boston, MA, 
1993), pp 679-685 

2 A. G. Pemenschkov, R. A van Santen, J Janchen. 
E C. ivle~jer, J Pl~ys Che~n. 97, 11071 (1993) 

3 L Marchese, P. A. Wright, J. Clien. J. bl Thomas. 
rhrd., p, 8109. 

4 M F M Post Stud SLII? Scr Cata:. 58. 392 11 991): 

Chem Soc. 11 5, 2887 (1 993). 
5 D. H. Olson and W M. bleier. Atlas ofZeol~te Stwic- 

t u r s  (Butter.~~orih-Henel;iann. London 1992) pp 
72-73 

6 J. A Rabo R. J. Pellet, P K Co~lg l i l~n ,  E S. Sliam- 
shon, n Zeo:ltes as Catalysts and Detergelit Bu~ld-  
el-s, H G. Karge and J Weitkamp. Eds. ~EIse\/er 
Amsterdaln, 1989). pp. 1-40:Y. XL', C.  P Grey, J 
bl Thomas. A. K Cheetham. Catal. Lett. 4. 251 
(1990). 

7. L S~i i i th.  L. Marchese, A K. Ciieetham, J. M Thom- 
as, P A. Wr~ght, unpub~siied data 

8 A. Jentys. G Warecka M. Derevinsky, J A. Lerclier, 
J Phys Chem 93, A837 (1989; 

9 L bl. Parker, D bl. Bibby, G. R. Burns. Zeol~ies 13, 
107 11993). 

10. R A. van Santen and G J Kramer. C i~em Rev.. 95, 
637 (1 995) 

1 1 .  A G Peniensch~kov and R A, van Santen, J. Pi7ys 
Chem 97. 10678 11 993) 

13 J. D Gale, Toprcs IIJ Catalyss, n press. 
14. , ~ l n p ~ ~ b ' s h e d  data 
15. R. B~izzoni, S. Bordga, G. Ricch~ard~, G Spoto, A 

Zeccii~na. J. Phys Chem. 99, 11937 (1995) 
16. A. K Cheetham, J bl. Thomas, bl. bl. Eddy, D A 

Jefierson. Nature 299, 2A (1 982). 
17. A. K Cheetham and A. P. Wilk~nson, Angew Ci7em. 

111t Ed. Engl 32 1557 11993). 
18. A. C Larson and R. B 'Jon Dreele, i o s  Alamos 

iaooratory Re0 No. IP -UR-86 -74  11 987). 
19 B Zbro~vus.  E Loffler, bl Htlnger, Zeolites 12, 167 

11992). 
20. Slipported by the Mater~als Research Laboratory 

program of NSF under aviard no. DMR-91230A8. 
by the Engneering and Physca Sc~ence Research 
Co t l nc  IUK), and by an NSF Graduate Research 
Fellovish~p We thank NST  for the access to their 
neutron diffracton f a c t e s  J.C. and P A W, thank 
Unle\>er fol- f~nancial support. 

J. M. Thomas. A17gev?./ Ci7e.17. :17t EL?. Eng~  33, 913 12 J. Sauer, P. Uglfengo. E Garro~~e.  V R Satlnders, 
119943 R A \#an Santen and G. J. Kramer J Am. Che~n  Rev. 94. 2095 11 994) 1 1  Septemcer 1995; accepted 10 November 1995 

Mutagenesis in Mammalian Cells Induced a1,ility to I I I J L I C ~  mutatlo~ls in the vector 
\ r ~ t h l n  monkey COS cells (Tahle 1) .  T h e  

by Triple Helix Formation and cells were first transfected with S V ~ O  vector 

Transcription-Coupled Repair 
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When mammalian cells were treated with triplex-forming oligonucleotides of sufficient 
binding affinity, mutations were specifically induced in a simian virus 40 vector contained 
within the cells. Triplex-induced mutagenesis was not detected in xeroderma pigmen- 
tosum group A cells nor in Cockayne's syndrome group B cells, indicating a requirement 
for excision repair and for transcription-coupled repair, respectively, in the process. 
Triplex formation was also found to stimulate DNA repair synthesis in human cell extracts, 
in a pattern correlating with the inhibition of transcription in such extracts. These findings 
may have implications for therapeutic applications of triplex DNA and raise the possibility 
that naturally occurring triple helices are a source of genetic instability. 

D N A  (7). After 12. hours to allon. chroma- 
t in l a t ion  of the x7ector, the olleonucleo- 
tldes lvere ailded to the gro~vth rne~lium at a 
concentration of 2 uM (ti). T\vo Jays later, 
the vector DNA was harvested from the 
cells for analys~s of szipFG i gene mutat~ons 
(9 ) .  Oligonucleotide A C 3 0  qenerated 11x1- 
tatlolls in the target gene a t  a frequency of 
0.27%, 13 tlmes a1,ox.e the spontaneous 
1,ackgrounil in the assay. In contrast, A C 1 0  
and AG20,  \vhlch sho~v  weaker th~ril-strand 
binillne to s u ~ F G 1 ,  were less effective in 
procluclnq mutations. As an  addltlonal con- 
trol, an  oliqom~cleotide of 30 m~cleotides 
consihtulg of a 1111xt1re of all four bases 
(bllx30) (5 .  5) was also tested. This ollgo- 
nucleotide Jld not form a detectable triple 

T r i p l e  helices call be formed when ollgo- supFGI reporter gene \v~ th in  the silnlan helix \vith szipFG1 (5) and it d ~ d  not gen- 
nucleotides blnd 111 the lnajor groove ot vlrus 40 (SV4CI) vector, pS11pFCl (5. 6) .  erate any mutagenes~s ahove the back- 
duplex D N A  at polyp~1rine-polypyr~~11ic1i11e These ol lgo~l~~cleot ides  \yere tested for their ground. T h e  szipFGI mutations generated 
sequences ( i ) .  Triple hells formation has 
heen ~lsed to block trallscriptlon initiation 
and elongation ( 2 )  and to cleave D N A  in Multiple point mutations 

-\.ltro (3) .  W e  have explored the use of 
triplex-forming ol~gonucleotides (TFOs) as - - 
a il~echallisill to deliver a tethered mutagen G B 

to a selected gene for the site-specific Itltro- Single point mutations 
C  A 

J i~c t lon  of D N A  damage anil consequent T T T GA C A R  

mutations \vlthin cells (4, 5). In the course ~ ~ M C C T m C ~ G A C G A ~ ~ c A c A C C A C C C C k 9 ~ C C C C G G ~ C C C T C C T C T C A G A T I I T A G A C G ( : C A G T A C C T G A A C C ~ C R A C C T T ~ '  
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of this investigation, chserved that G ~ ~ C G A ~ G C C C ~ T C G A ~ T G T G G T ~ T C C C G R G C G K C ~ G G G A C C A G A C T C T R R A T C ~ C C T C A T C C A C P T C G M G G T T C ~ ~  - --- 
TFOs have the  potential to ~niluce muta- 5, p r e - t ~  158-981 mppressae CRHP. 199-1831 Triplex binding s i t e  

tions ~n vlvo even in the absence of a 
tethered mutagen. 

Three oligonucleotides (AGIO,  AC20 ,  
and A C 3 0 )  nere  desiened to 1,inJ as third 
strands In the alltlparallel triple helix motif 
( I )  to part or all of a 30-hase palr (hl)) 
polypi~nne-polypyr~~llidlne target site In the 
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Deletions 

Fig. 1. Sequences of supFGl mutat~ons Induced by t r p e  h e ~ x  formailon In COS cells. Three classes of 
mutations were obsewed, including s~ngle po~nt mutat~ons, deletions, and multple. s~multaneous point 
mutat~ons, as ~ndcated. The base subst~tutions listed above the corresponding supFG7 gene sequence 
represent changes with respect to the upper strand The mult~ple po~nt mutations are underlined, w~ th  
each set of simultaneous changes presented on a separate line. Pont mutations occurrng outside of the 
hsted sequence are ndcated by poston numbers, with the nvolved base changes glven The deletions 
are presented below the gene sequence, ~ 1 1 t h  the delet~on end ponts indicated The triplex target site at 
base pars 167 to 196 of the supFG1 gene IS Indicated. 
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