
area of 9.5' x 8.3' (9). Thus, we have al- 
most doubled the size of the image of this 
object in its east-west extension, and we 
no& believe that this is the largest known 
non-cluster galaxy (15, 16). This increase in 

Markarian 348: A Tidally Disturbed Seyfert Galaxy 
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Combined optical and radio images of galaxies can provide new insights into the sizes, 
masses, and possible evolution of these objects. Deep optical and neutral hydrogen 
images of Markarian 348, a type 2 Seyfert galaxy, show that it is a gigantic spiral 
(perhaps the largest known non-cluster galaxy). Measurements of the neutral hydro- 
gen velocity field and spiral structure, and detection of an optical "tidal plume," all 
provide evidence that it has been subject to tidal disruption. The measured velocities 
yield a mass-to-light ratio for this object (within a radius of 130 kiloparsecs from its 
nucleus) that is similar to the ratio found for the inner regions of most galaxies of 
similar type. This is one of the few cases where detailed velocity measurements have 
demonstrated that a galaxy with an active nucleus has been subject to extensive tidal 
perturbation. 

M ERGERS, PERTURBATIONS, AND 

tidal interactions between galax- 
ies have become popular topics in 

astronomy. Such gravitational effects have 
been credited with both fostering nuclear 
activity in galaxies and driving the course of 
galaxy evolution (I) ,  yet there is very little 
direct observational evidence for either of 
these effects. Most of the evidence is circum- 
stantial, consisting of (i) theoretical calcula- 
tions and general arguments, which show 
that under proper conditions gravitational 
perturbations can push mass toward the 
centers of galaxies (2, 3);  (ii) morphological 
similarities between some Seyfert galaxies 
and radio galaxies, and morphological fea- 
tures predicted by crude, theoretical models 
that describe galaxies disturbed by tidal en- 
counters or mergers (1, 3, 4); and (iii) 
statistical correlations between an excess of 
projected galaxy companions and the inci- 
dence of abnormal activity (1, 5, 6). Direct 
evidence of tidal interaction should include 
not only the proven proximity of a compan- 
ion and the identification of morphological- 
ly peculiar features, but also a demonstration 
that the object's detailed velocity field is 
consistent with that predicted for such an 
encounter. 

To understand the relation between exter- 
nal gravitational disturbances and enhanced 
nuclear activity in galaxies, we must study 
proven examples of the phenomenon in 
detail. Quantitative analysis of the luminos- 
ity structure and detailed internal mass flow 
of these objects, coupled with detailed com- 
puter models that simulate these properties 
under various gravitational perturbations, 
can then provide information about the 
types of disturbances that will lead to nucle- 
ar activity. To date, there are very few 

proven cases of active galaxies in interaction 
that can serve as subjects for such studies 
(7). In this report we present detailed data 
on one object [Markarian (Mkn) 348, also 
known as NGC 2621, which provide clear 
evidence for a large-scale tidal disturbance in 
this active galaxy. Our data demonstrate all 
of the criteria noted above: morphological 
peculiarities, a close companion, and an 
internal velocity field that is consistent with 
the velocity field predicted for such an en- 
counter. 

This study of Mkn 348 is part of a larger 
program to obtain deep surface photometry 
and large-scale velocity fields for a sample of 
nearby Seyfert galaxies that show morpho- 
logical peculiarities indicative of gravitation- 
al perturbation (3). The galaxy itself is a 
"type 2" Seyfert galaxy with an unresolved 
radio continuum core (8), which is known 
to have a large halo of neutral hydrogen ( H  
I) with peculiar kinematics (9-11). We will 
assume a distance for this object of 95 
megaparsecs (Mpc), based on a Hubble 
constant, Ho, of 50 krn sec-' MpcU' (12). 

The optical data presented here were ob- 
tained from four deep Palomar Schmidt 
images (90-minute exposures) taken with 
broadband filters centered at approximately 
4800 A and 6500 i% (called g and r, respec- 
tively) (13). These were calibrated with 
charge-coupled detector (CCD) measure- 
ments. The radio data are from Very Large 
Array (VLA) radio telescope observations of 
the H I 21-cm emission line (14). The final 
images are shown in Figs. 1 to 3 and on the 
cover. The total H I emission is shown in 
Fig. 1, A and B. The size of the H I spiral in 
Fig. 1 is at least 11.7' x 14.9' (roughly 
310 x 395 kpc, scaled as Hd50), whereas 
earlier observations detected H I over an 

size was obtained by increasing the sensitiv- 
ity of the observations by only a factor of 3. 
A further increase in sensitivity might reveal 
even more H I. The extensive distribution of 
spacings provided by the VLA in its most 
compact configuration makes this array an 
ideal instrument for the detection of large- 
scale, smooth distributions of H I. 

An underexposed print of the H I image 
is shown in Fig. 1B. Earlier H I observa- 

u 

tions suggested that the outlying gas in this 
galaxy was distributed in a ring (9). Al- 
though the H I distribution in Fig. l ,  A and 
B, is superficially ringlike, the present obser- 
vations show that the gas actually lies in one 
(or possibly two) continuous, branching 
spiral arms which are more tightly wound 
near the center. 

The image in Fig. 1C is the sum of the 
optical images processed to remove all of the 
foreground starlight and smoothed to the 
same resolution as the H I image (17). The 
brighter stars in the field have been superim- 
posed on the processed image to a 
reference frame. The outer arm (marked by 
the arrows in Fig. 1C) is coincident with the 
fainter (top) H I arc emerging from the 
same point (see Fig. 4 for a clarification of 
the two H I arcs in this region). The light 
from this optical arm has an energy distribu- 
tion (indicated by the differencein magni- 
tude between its g- and r-band intensities) 
similar to that of the inner parts of the 
optical disk (with a g to r color index of 
0.5 * 0.2 mag) (18) and a surface bright- 
ness in the g band ranging from 25.8 to 
26.0 mag arcsecC2. On the unsmoothed, 
deep images the arm appears as multiple, 
parallel, threadlike features. This type of 
stellar arm or "plume" is thought to be 
characteristic of galaxies subjected to strong 
tidal distortion (1). 

The entire galaxy appears to sit on a faint - .  

optical "pedestal" with an average g-band 
surface brightness of approximately 26.5 
mag arc~ec-~.  This shows up in Fig. 1C as 
residual, patchy luminosity surrounding the 
central image. This faint pedestal extends to 
a radius of 290" from the nucleus and then 
disappears in the region where the H I 
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Fig. 1. (A) Total H I image of Mkn 348: (+) the 
galaxy center and its eastern companion; (X) two 
bright stars. (B) A lighter exposure to show the 
continuity of the arms. The black line on the 
north arm is the position of the optical "plume." 
(C) Deep optical image of Mkn 348 (with stars 
removed) smoothed to the resolution of the H 1 
image (50"). Brighter stars have been superim- 
posed on the processed image. The arrow points 
to the optical plume depicted by the black line in 
(B). 100 kpc scale bar = 3.6'. 

emission drops off. The dark cross patterns 
and bubblelike structures that appear in the 
pedestal arise fiom a slight oversubtraction 
of the stars. Their appearance is artificially 
enhanced in this reproduction because of 
the need to stretch the intensity scale to 
display the optical plume noted above. 

The cover shows a composite of the total 
H I (blue) and the unprocessed optical field 
(red), and gives a clearer picture of the inner 
optical regions. 

The H I data for different heliocentric 
velocities are displayed in Fig. 2 as isointen- 
sity contours. Figure 3 shows these data 
summarized in a color plot of the total 
intensity-weighted H I velocity field. The 
bulk motions of the inner and outer H I 
regions exhibit opposing rotation patterns. 
(For example, in Fig. 2 there are clumps of 
gas at 4582 km sec-' at position angles of 
approximately 30" and 190°, on opposite 
sides of the nudeus, while the clumps of gas 
that are mirror images of these clouds are at 
velocities of 4508 km sec-' in position 
angles of approximately 220" and lo", re- 
spectively.) 

The opposing rotation patterns shown in 
Fig. 3 are similar to those found in the H I 
region surrounding NGC 5194195 (M51, 
the Whirlpool Nebula) (19). The overall 
similarities between the M51 system and 
Mkn 348 are remarkable. (i) The optical 
morphology of both systems is similar [see, 
for example, the large-scale optical image of 
Mkn 348 in (20)l. The optical spiral struc- 
ture in Mkn 348 shows less contrast with 
the underlying disk than that in M5 1. How- 
ever, the disk colors for the former system 
are consistent with a burst of star formation 
approximately 2.5 x lo7 to 5 x lo7 years 
earlier than the burst that so vividly outlines 
the optical spiral arms in M51 (21,22). This 
age difference is sufficient to account for the 
weak appearance of the spiral arms in Mkn 
348, where the brightest young stars have 
already died out. (ii) The standard optical 
diameters (Dzs) are remarkably similar for 
the two systems r39.9 kpc for Mkn 348 (22) 
and 36 + 6 kpc for M5 1 (22), depending on 
its assumed distance]. (iii) Both objects have- 
a satellite galaxy of comparable luminosity 
located at the end of their outermost spiral 
arm. Mkn 348 has a companion located 1.2' 
to the east of its nucleus (see the cover), 

which has an optical spectrum with narrow 
emission lines whose velocity agrees with 
the nudear redshifi of the larger galaxy to 
within the measurement error of 50 km 
sec-' (6). Our optical photometry in the g 
band shows that, within 27" apertures, the 
luminosity of Mkn 348 is roughly twice that 
of its companion to the east. NGC 5195, the 
companion of M5 1, has a luminosity that is 
roughly one quarter of that of M51 in a 
similar spectral band and physical radius 
(23). The Mkn 348 companion is bluer than 
its main galaxy, whereas NGC 5194 is red- 
der than M51; adjusting for the greater 
absolute luminosity expected from a bluer 

stellar system, we find that the relative mass- 
es of the luminous stellar material in both 
systems are similar. 

A recent computer model by Appleton, 
Foster, and Davies (19), which successllly 
describes the peculiarities of the M51 veloci- 
ty system, shows that the outer H I spiral 
structure and reversal of the H I velocity 
field can be caused by the passage of a 
satellite galaxy (such as the eastern compan- 
ion of Mkn 348) through an extended H I 
disk of a larger galaxy. This model demon- 
strates that the apparent opposing rotation 
velocities arise because the tidal arms are 
warped into different planes, thus changing 
the projection angle of the H I orbital 
velocities. The model of Appleton et ul. 
reproduces well the present data when 
scaled to the dimensions and velocities of 
Mkn 348. In addition, the model repro- 
duces the projected position of the optical 
companion at the end of the outermost 
optical arm in both the M51 system and 
Mkn 348. This comparison implies that H I 
velocities and spiral pattern seen in Mkn 348 
arise from the disruption of its H I disk by 
its eastern companion. 

Although there are other galaxies besides 
this eastern companion located in the same 
field as Mkn 348, their relative fainmess and 
lack of any connection to the structure in 
Mkn 348 make them unlikely candidates for 
interaction. For completeness, we note that 
there is some suggestion in the H I data that 
the southeastern extension and the isolated 
patch of H I directly to the east of the 
nucleus are connected (Fig. 1A). If this is 
the case, then the configuration of the outer 
spiral pattern follows the dotted extension 
shown in the sketch in Fig. 4. The outer- 
most arm would then point directly towards 
NGC 266, a neutral hydrogedeficient, 
barred spiral galaxy with a similar redshifi 
(4670 km sec-' heliocentric) located 23' (a 
projected 635 kpc) to the north-northeast 
(9) (Fig. 4). Since this projected distance is 
only 60 percent farther than the largest 
dimension of the H I field in Mkn 348 itself, 
this configuration might suggest that NGC 
266 is also connected to Mkn 348, a sugges- 
tion that has been made previously (9). 
However, the good correspondence be- 
tween both the H I velocity field and the 
projected position of the eastern companion 
with the model of Appleton et ul. strongly 
implies that it is this latter object that is 
disturbing Mkn 348. 

Our data yield interesting global proper- 
ties for this galaxy. Summing all of the line- 
emission fluxes at frequencies where we 
observe H I gives a total 21-cm flux of 
21.5 2 0.2 Jy, which implies a total H I 
mass of 4.8 x 10" M ~ ( ~ O / H O ) ~ ,  where Ma 
is the solar mass, if the gas is optically thin 
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(24). It is customary to use velocity data 
such as these to calculate the total galaxy 
mass. Since the model of Appleton ct al. 
seems to reproduce the data well, it may be 
reasonable to use it as a guide for this 
calculation. There are gas clouds moving at a 
radial distance of 295" or 130 kpc from the 
nudeus in the north and south regions of 
the outer arms ( h e s  labeled 4487 and 
4593 krn sec-' in Fig. 2). Both the observed 
continuity of the H I arms and the model 
itself suggest that they are still bound to 
Mkn 348. However, they may be in ellipti- 
cal orbits with eccentricities as great as 0.6 
to 0.7. In addition, the model suggests that 
the local concentration of clouds which 
makes up the arms is close enough to a 
ringllke structure to allow an estimate of the 
local indination of the warped outer plane 
b m  the shape of the outer H I arms in 
these regions. The extreme possibilities are 
that the gas clouds are either at perigalacti- 
con or apogalacticon. Thus, the total mass 
interior to. this radial distance will be 
1.03 x 10" XMo(Hd50)(sin q-2, where i 
is the inclination angle of the plane of the 
orbiting gas to the plane of the sky, A is 
equal to (1 + e)-', if the clouds are at 
apogalacticon, and (1 - e)-', if at perigalac- 
ticon, and e is the orbital eccentricity. The 

Fig. 2. bintensity con- 
tom of H I at differrnt ve- 
locitics (indicated in the u 

*A of each frame). & 
Eed circle in the lower 
right frame is the resolution; 
crosses mark the nudeus of 
Mlm 348 and its compan- 
ion. Contom are -2,2,4, 
8, 12; 16, and 20 mJy per 
beam. Each velocity frame is 
14.5' on a side. 

shape of the outer arm segments in Fig. 1B 
yields a value for i between 31" and 61". 
Thus, the most extreme values (i = 31" and 
e = 0.7 at apogalacticon) give an upper limit 
for the total mass interior to this radius of 
6.7 x 10" Ma. (These values of i and e give 
an orbital period at this distance of 0.121Ho, 
that is, 2.4 x lo9 years.) Our optical data 
show that the h t  optical emission pedestal 
drops off at approximately the same radial 
distance as these outer H I clouds. Integrat- 
ing all of the light in the cleaned optical 
image out to 290" radius gives a g-band 
magnitude of 12.07 [or a blue magnitude 
(B) of 12.87 + 0.21, which exceeds the "to- 
tal" B value of 14.1 obtained by Huchra 
(25) by a factor of 3 and represents the 
excess luminosity observed in the deep im- 
ages. This leads to a total luminosity of the 
material inside a 130-kpc radius of 
9.7 X 10" ( ~ d 5 0 ) '  (in solar units). Cor- 
recting for the fraction of this material that 
we .know to be neutral hydrogen, we obtain 
an upper limit to the blue mass-to-light ratio 
(MIL) for the nongaseous material of 6 x  
(50/Ho) (in solar units). This is similar to 
the value found for the inner regions of SO 
and Sa galaxies (26). This represents the 
only known example where the total mass, 
and thus the total mass-to-light ratio, has 

Fig. 3. Composite velocity field from the 21-an 
emission line Doppler s&. Colors range from 
deep red indicating a mean velocity of 4580 km 
sec-' through yellow and green, to deep blue 
indicating 4490 km KC-'. 

0~47"' oh 46"' 
Right ascension (1950) 

Fig. 4. Sketch of the relation between Mkn 348 
and NGC 266. The arms shown for Mlm 348 are 
the peak of the H I intensity. Those for NGC 266 
are optical. 

been measured directly for a galaxy out 
to this distance. All other measurements of 
MIL in the outer regions of galaxies rely on 
statistical analyses of pairs or groups of 
galaxies where the assumptions involved in 
the analysis are at least as tenuous as those 
involved in the present calculation (26). It is 
important to note that the present mass-to- 
light ratio of 6 is lower than those found by 
statistical methods by a factor of 8 to 20 
(26). 

The data presented here show that Mkn 
348 and its-eastern companion satisf) all 
three criteria for a tidally disturbed system. 
First, the optical "plume" seen in Fig. 1C is 
similar to those seen in simulations of inter- 
acting galaxies. Second, the eastern compan- 
ion not only has a redshift similar to that of 
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Mkn 348, but its location at the end of the 
outermost, bright optical arm fits the con- 
figuration predicted by the computer model 
of Appleton et al. Finally, the continuous H 
I arms displayed in Fig. 1B and the observed 
reversals in the H I velocities are also con- 
sistent with this computer model. In combi- 
nation, these observations provide strong 
evidence that Mkn 348 has been subjected 
to tidal perturbations and should therefore 
be a g<od candidate for further study of 
how such perturbations influence its active 
galactic nucleus. Additional H I measure- 
kents are needed to establish the link be- 
tween NGC 266 and NGC 262, if any. 
Because Mkn 348 presents a unique oppor- 
tunitv to studv the mass in the far outer 
regions of a galaxy by means of assumptions 
very different from those involved in the 
statistical studies of galaxy groups and pairs, 
it is also essential that these observations be 
followed by more detailed computer models 
of this system. 

REFERENCES AND NOTES 

1. A good review of the theoretical calculations and 
observations is given in F. Schweizer, Science 231, 
227 (1986). 

2. J. E. Gunn, in Active Galactic Nuclei, C. Hazard and 
S. Mitton, Eds. (Cambridge Univ. Press, Cam- 
bridge, 1977), p. 213; C. Norman and J. Silk, 
Astvophys. J. 266, 502 (1983). 

3. S. M. Simkin, H.-J. Su, M. P. Schwarz,Astvophys. J.  
237, 404 (1980). 

4. D. F. Malin, P. J. Quinn, J. A. Graham, ibid. 272, 
L5 (1983). 

5. R. C. Kennicutt, Jr., and W. C. Keel, ibid. 297, L5 
(1984). 

6. 0 .  Dahari, Artvon. J. 90, 1772 (1985), and refer- 
ences therein. 

7. Most discussions of interacting galaxies are based on 
the presence of optical peculiar~ties alone. [See, for 
example, the review in T. M. Heckmann et al., 
Astvophys. J. 311,526 (1986), which discusses exam- 
ples of morphologically peculiar active galaxies.] 
Also, many of the Infrared Astronomical Satellite 
(IRAS) data suggest a link benveen "starburst" 
activity and tidal mteraction, but "starburst" galaxies 
often show no strong nuclear activity; see, for 
example, the review in (1). 

8. S. W. Unger, A. Pedlar, S. G. Neff, A. G. de Bruyn, 
Mon. Not. R. Astron. Soc. 209. 15P (1984). 

9. T. M. Heckmann, R. Sancisi, W. T. 'Sullivan 111, B. 
Balick, ibid. 199, 425 (1982). 

10. M. Morris and P. G. Wannier,Artrophys. J. 238, L7 
(19811) 
\-. - - J  

11. The Large H I cloud surrounding Mkn 348 is 
unlikely, by itself, to be the cause of this galaxy's 
nuclear activity since, although many active galaxies 
are in systems that contain some H I, there are no 
others known where the H I is so prominent. See, 
for example, T. M. Heckmann, B. Balick, W. T. 
Sullivan, Artvophys. J. 224, 745 (1978). 

12. We derive a systemic, galactocentric radial velocity 
of 4757 km sec-', giving a distance of 95.14 Mpc 
with Ho = 50 km sec-' Mpc-I. 

13. See S. M. Simkin and A. Mlchel,Astrophys. J. 300, 
L5 (1986) and S. M. Simkin, ibid. 309, 100 (1986) 
for calibration details. 

14. We observed with 25 antennas for 6 hours in the C 
array and 4 hours in the D array, using 31 velocity 
channels centered on a heliocentric velocitv of 4540 
km sec-'. With natural weighting, the beam size is 
4 2 .  The VLA of the National Radio Astronomy 
Observatorv is ooerated bv Associated Universities. 
Inc., unde;cont;act with NSF, and is described bp 
P. J. Napier, A. R. Thompson, R. D. Ekers, Proc. 
IEEE 71, 1295 (1983). See J. H.  van Gorkom etal., 
Astronom. J. 91, 791 (1986), for reduction tech- 
niques. 

15. Although earher measurements suggested that cD 
galaxies might have sizes as large as 1 Mpc [A. 

Oemler,Anvophys. J. 209,693 (1976)], more recent 
work indicates that the largest radii for these objects 
lie in the range of 160 kpc, with the cD "envelope" 
associated with the entire cluster and strictlv related 
to the cluster background light. See, for exahple, T. 
X. Thuan and W. Romanishin, AstropLy~, J .  248, 
439 (1981) and J. M. Schombert,Astvophys. J ,  Suppl. 
Sev. 60, 603 (1986). 

16. The H I gas associated with MlOl (NGC 5474) is 
200 kpc in diameter, and this may be a system 
comparable to Mkn 348 [W. K. Huchtmeier and A. 
Witzel, Astron. Astrophys. 74, 138 (1979)l. 

17. Stars were removed by subtracting the aureole [I. R. 
King, Publ. Astron. Soc. Pac. 83, 199 (1970); H.-J. 
Su and S. M. Simkin, Bull. Am.Astron. Soc. 14, 884, 
(1982)], and by blanking out the seeing disk and 
diffraction spikes. 

18. H.  K. C. Yee,Astvophys. J. 272, 473 (1983). 
19. P. N. Appleton, P. A. Foster, R. D. Davies, Mon. 

h70t. R. Astron. Soc. 221, 393 (1986). 
20. T.  F. Adams,Astvophys. J. Suppl. Ser. 33, 19 (1977). 

21. R. B. Larson and B. M. Tinsley,Astrophys. J. 219, 
46 (1978). 

22. G. de Vaucouleurs, A. de Vaucouleurs, H.  Convin, 
Second Reference Catalogue $Bright Galnzies (Univ. 
of Texas Press, Austin, 1976). 

23. M. S. Burkhead, Astvophys. J. Suppl. Ser. 38, 147 
11978). 

24. H I a d  total mass calculations are discussed by M. 
C. H.  Wright, in Galactic and Extvagalactic Radw 
Astvonomy, K. Kellerman and G. Verschuur, Eds. 
(Sprin er Verlag, New York, 1974), pp. 292-293. 

25. J.  ~ucir;,~stvophys. J. 238, L11 (1980). 
26. S. M. Faber and J. S. GaJlagher,Annu. Rev. Astvon. 

Astvophys. 17, 135 (1979). 
27. This work was su orted by NSF rants RII 

8503097 (J.vG.), Xg'r 8120133, a n f  8521389 
(S.M.S.), and INT 8117599 (H.-J.S.). S.M.S. 
thanks the Caltech Astronomy Department for hos- 
pitality while on sabbatical leave. 

14 November 1986; accepted 7 Januay 1987 

Mutants of Bovine Pancreatic Trypsin Inhibitor 
Lacking Cysteines 14 and 38 Can Fold Properly 

It is a generally accepted principle of biology that a protein's primary sequence is the 
main determinant of its tertiary structure. However, the mechanism by which a protein 
proceeds from an unfolded, disordered state to a folded, relatively well-ordered, native 
conformation is obscure. Studies have been initiated to examine the "genetics" of 
protein folding, with mutants of bovine pancreatic trypsin inhibitor (BPTI) being used 
to explore the nature of the specific intramolecular interactions that direct this process. 
Previous work with BPTI chemically modified at cysteines 14 and 38 indicated that 
transient disulfide bond formation by these residues contributed to efficient folding at 
25°C. In the present work, mutants of BPTI in which these cysteines were replaced by 
alanines or threonines were made and the mutant proteins were produced by a 
heterologous Escherichia coli expression system. At 25°C in vitro, the refolding 
behavior of these mutants was characterized by a pronounced lag. However, when 
expressed at 37°C in E. coli, or when refolded at 37" or 52°C in vitro, the mutant 
proteins folded readily into the native conformation, albeit at a rate somewhat slower 
than that exhibited by wild-type BPTI. These results indicate that, at physiological 
temperatures, BPTI lacking cysteines 14 and 38 can refold quantitatively. 

B OVINE PANCREATIC TRYPSIN INHIB- 
itor (BPTI) is a 58-amino acid basic 
polypeptide that has three disulfide 

bonds: Cys14lCys38, Cys301Cys5 1, and 
Cys5lCys55. When it is refolded from the 
fully reduced form in vitro, it proceeds to its 
native form via a series of preferred one- and 
two-disulfide intermediates (1,2).  Cysteines 
14 and 38, which form a disulfide bond in 
the native molecule, participate in disuffide 
bonding in the most abundant two-disulfide 
intermediates (1, 3). Two of these two- 
disulfide bond intermediates contain non- 
native disulfide bonds, Cysl4lCys5 or 
Cys38lCys5, in addition to the disulfide 
Cys301Cys5 1. Creighton (1) showed that 
when cysteines 14 and 38 were blocked by 

components of a highly preferred pathway 
for BPTI refolding (1, 3).  

The above studies were open to the objec- 
tion that the bulky alkylating agents used to 
block cpsteines 14 and 38 sterically inter- 
fered with refolding. We therefore decided 
to repeat this experiment with genetically 
modified BPTIs in which cysteines 14 and 
38 were replaced by alanines or threonines. 
The mutant BPTI proteins were synthesized 
by means of a heterologous expression and 
secretion system in Escherichia coli that pro- 
duces native, correctly folded BPTI (4). 

The [Ala14,Ala38]BPTI and [Thrl4, 
Thr38lBPTI mutants were expressed by E. 

and alkylation, the modified B ~ I  C. B. Marks and S. Anderson, Department of Biocataly- 
sis, Genentech, Inc., South San Francisco, CA 94080. 

could not readily regain its native conforma- H. Naderi, P. A. Kosen, I. D. Kuntz, De artment of 
tion when refolded in vitro at 25°C. These Pharmaceutical Chemisw, Universinr of CLfornia, San 

results suggested that non-native disulfide Francisco, San Francisco; CA 94143: 
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