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Apoptosis is an important physiological process that 
involves the deletion of specific cells in a controlled and 
timely  manner. A biochemical hallmark typifying apop- 
tosis in normal  lymphocytes is DNA cleavage caused by 
a calcium-dependent nuclease. We have previously iden- 
tified and purified an 18-kDa nuclease (NUC18)  from 
glucocorticoid-treated rat thymocytes whose activity is 
associated with this apoptotic DNA fragmentation.  Par- 
tial protein sequencing of pure NUC18 has generated 
two peptide sequences that have a  remarkable similar- 
ity to rat cyclophilin A and other members of the cyclo- 
philin family. We report here that recombinant cyclophi- 
lins A, B, and C have a calciudmagnesium-dependent 
nuclease activity with biochemical and  pharmacological 
properties similar to those of NUCl8. Our results raise 
the intriguing possibility that cyclophilin or  a cyclo- 
philin-related protein may  play  a role in lymphocyte 
apoptosis. 

Apoptosis, or programmed cell death, occurs in  many physi- 
ological situations  where selective  deletion of cells is  required 
(1, 2). A well studied model of programmed cell death  is glu- 
cocorticoid-induced apoptosis in thymocytes (3-7). These lym- 
phocytic cells have been  extensively characterized morphologi- 
cally and biochemically during  the progression of apoptosis and 
exhibit chromatin cleavage characteristic of internucleosomal 
DNA degradation.  This  type of  DNA degradation  is one of the 
biochemical events  that is often  associated with apoptosis in 
lymphocytes, but not in  all apoptotic cells (8). Activation of the 
nuclease responsible for this DNA degradation  is  thought to be 
the  commitment  step of these cells to  death  (6, 9), although it 
does not  appear to be the  initial  event  in  other examples of 
apoptotic death  (10,l l) .  Several  reports  have  demonstrated  the 
existence of an endogenous  endonuclease that shows a tight 
association  between  internucleosomal DNA degradation  and 
apoptosis in thymocytes (7, 9, 12). This nuclease  activity is 
activated by calcium and  magnesium ions and  is  sensitive  to 
inhibition by zinc ions (9) and aurintricarboxylic acid (13,  14). 

Our  laboratory  has isolated and  characterized a  nuclease 
whose activity  is associated with  the  degradation of  DNA in rat 
thymocytes undergoing apoptosis.  The  activity of this low  mo- 
lecular weight protein,  designated NUC18, correlates  with  the 
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DNA degradation  that occurs during apoptosis in  these cells 
(15) and  is  regulated by several  activators of apoptosis in lym- 
phocytes, including glucocorticoids, calcium ionophores (161, 
and  inhibitors of protein  synthesis  (17). NUC18 enzymatic ac- 
tivity  requires calcium and  magnesium ions and is inhibited by 
zinc ions and aurintricarboxylic  acid (15). NUC18 has now been 
purified to homogeneity as  judged by silver staining of SDS- 
polyacrylamide  gels, and we show here  that NUC18 is  remark- 
ably similar  to  the cyclophilin family of proteins. 

Cyclophilins were first identified as the  high affinity  binding 
proteins for the  immunosuppressant  drug cyclosporin A (CsA)’ 
(18).  Since  being  identified in  mammals, cyclophilin and cyclo- 
philin-related  peptides  have been  isolated from a wide variety 
of species, including  yeast (191, Drosophila (201, Neurospora 
(211, and even bacteria (22, 23). Cyclophilin has been found in 
every tissue  type  studied to date  in  humans (19,  24) and ex- 
hibits  varied cellular  localization,  including cytoplasmic forms 
(18) and  nuclear forms  (24, 25),  as well as endoplasmic  reticu- 
lum-directed  (26) and even forms  associated with  the secretory 
pathway (27). Cyclophilins have peptidylprolyl cis-truns- 
isomerase activity that  is  inhibited upon binding  to CsA (28, 
29). Recent studies, however, have shown that inhibition of 
cyclophilin isomerase activity by  CsA cannot account for the 
immunosuppressive effect of CsA (30). Although the mecha- 
nism of immunosuppression by  CsA is  thought  in  part to in- 
clude inhibition of lymphocyte activation  (31), the precise mode 
of action remains elusive. 

In  addition to its known immunosuppressive effect, CsA has 
been  shown to have considerable toxic effects on a variety of cell 
types  and  tissues (30).  Gene disruption  experiments  in lower 
eukaryotes  have shown that  the cyclophilins are  essential for 
the toxic response to CsA (32). Recently, we have shown that 
the  addition of CsA to a mouse  thymoma cell line (S49.1) results 
in  the induction of apoptotic death of the cells, determined by 
morphology and  the production of internucleosomally cleaved 
DNA fragments.’ We show here  that  pure recombinant cyclo- 
philins  have sequence similarity  and immunological cross-re- 
activity to NUC18 and  that  these  proteins exhibit calcium/ 
magnesium-dependent nuclease activity. These  data  together 
suggest a possible role for the cyclophilin family in thymocyte 
apoptosis. 

MATERIALS AND METHODS 
Purification and Sequencing of NUC18-The NUC18 protein was 

purified by M. Gaido from nuclei of rat thymocytes as described previ- 
ously (151, and the  purity of the  preparation was judged by detection of 
a single band after silver staining (33) of the polyacrylamide gel. Gel- 
purified material was electrophoretically transferred to polyvinylidene 
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difluoride (Immobilon P. Millipore Corp.) membranes and subjected to 
automated Edman degradation with an Applied  Biosystems 470 Se- 
quencer with on-line HPLC analysis. Initial attempts  at Edman degra- 
dation revealed a blocked amino terminus. Purified protein was sub- 
jected to trypsin digestion, and peptide fragments were  purified further 
by HPLC  with a  standard C18  column.  Derived peptides were then 
subjected to automated Edman degradation. 

Production and Expression of Recombinant  Cyclophilin A-The cy- 
clophilin A cDNA was generously provided by Dr. Christopher Walsh 
(Harvard University, Cambridge, MA), and the bacteria for its expres- 
sion were kindly donated by  Dr.  Aziz Sancar (University of North Caro- 
lina, Chapel Hill, NC). NM522 bacteria, without or with the cyclophilin 
Aexpression vector,  were  grown  to an A,,, of 0.7 and made 0.2 mM IPTG. 
Cells were harvested via centrifugation, washed with 20 mw Tris-HCI, 
pH 8.0, resuspended in 9 ml  of  20 mM Tris-HCI, pH 8.0. and passaged 
twice through a French press a t  20,000  p.s.i. Lysates were spun for  25 
min at 20,000 xg .  and supernatants were made 0.4% protamine sulfate. 
Precipitated DNA was  removed by centrifugation for  20 min at 20,000 
x g. Aliquots of the  supernatants were analyzed by SDS-polyacrylamide 
gel electrophoresis and Coomassie Brilliant Blue staining. 

Radioactive Gel Nuclease Assays-The radioactive gel nuclease as- 
says were performed as described  previously (15). Briefly. the gels were 
prepared as for a Laemmli system, but with the addition of 75 pg of calf 
thymus DNA and 750,000 cpm of [a-:"PldCTP-labeled double-stranded 
plasmid DNA made by nick translation. SDS  was  removed by soaking 
the gel overnight in a buffer of 20 mM Tris-HCI, pH 8.0,l mu EDTA, and 
2 mM magnesium chloride, followed by three 20-min washes. The acti- 
vation step involved agitating the gels at 37 "C  in fresh buffer  with 2 mM 
calcium chloride (length of activation is noted  in figure legends). Gels 
were dried down and exposed  for autoradiography. Areas of "'P-labeled 
DNA loss demonstrate nuclease activity. Purified cyclophilins A, B, and 
C were generously provided by Sandoz Laboratories, Basel, Switzer- 
land. Cyclophilin A crystals were generously provided by  Dr. Hengming 
Ke (University of North Carolina, Chapel Hill, NC). 

RESULTS 
Sequence Similarity  and Immunological Cross-reactivity of 

Purified NUCl8  and  Rat  Cyclophilin A-NUC18 was  purified 
as described  previously ( E ) ,   t h e n  subjected to trypsin  digestion 
and  HPLC  purification of the peptides.  Edman  degradation 
was  performed  to  determine  the  amino  acid  sequence of two of 
the  trypsin  peptides.  Peptide 1 of NUCl8  (TVVFGK) corre- 
sponds  to  residues 125-130 of rat CypA (HVVFGK), with  the 
exception of the  His/Thr  mismatch,  and  peptide  2  corresponds 
exactly  to  the first 16 residues of rat CypA (VNF'TVFFDIT- 
ADGEPL)  (34).  Cyclophilin  A  is  one  member of the cyclophilin 
family of proteins,  which  have  been  identified  in a variety of 
species, as well as in  diverse  tissue  types  within  species (17- 
26).  Cyclophilin  A  consists of 165  residues, with a correspond- 
ing  size of approximately 18 kDa  (35);  cyclophilin B and cyclo- 
philin C are slightly  larger,  consisting of 208 residues at 21  kDa 
(26)  and  212  residues at 22.8  kDa  (36),  respectively. The amaz- 
ing  sequence  similarity  between  NUCl8  and  cyclophilin A, 
which  encompasses the region of highest homology within the 
cyclophilin  family,  suggests that NUC18  might  be  another 
member of the  cyclophilin family. To independently  address  the 
issue of homology  between  NUC18  and  cyclophilin,  we  raised 
antibodies  against  the  two  proteins  and  examined  them  for 
cross-reactivity.  Western  blot  analysis  showed  that  both  types 
of antibodies  recognize  the  purified  cyclophilin  Aprotein  and  an 
18-kDa  protein  from a thymocyte  nuclear  extract of dexa- 
methasone-treated rats (data  not  shown).  These  results  sug- 
gest the  two  proteins are immunologically  similar.  Because 
NUCl8  was  purified  based  on its calciudmagnesium-depend- 
ent  nuclease  activity,  which  is  tightly  associated  with  apoptosis 
in  these  cells  (12).  we  examined  cyclophilins  for  potential  nucle- 
ase  activity. 

Nuclease Activity of Recornbinant Cyclophilin A-The first 
approach  we  used  to  evaluate  potential  nuclease  activity of 
cyclophilin  was  to  introduce  and  express a cyclophilin  A  gene 
into  bacterial cells. NM522  cells  were  transformed  with a re- 
combinant  human  cyclophilin  A  cDNA  that  is  under  control of 
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FIG. 1. Protein staining and nuclease activity of NMFi22 hacte- 

rial cells expressing cyclophilin A. A, Coomassie Hlue-stained 
Laemmli  SDS-polyacrylamide gel. IAnr 1. molecular mass markers; 
lane 2, 1 pg of micrococcal nuclease ( M N ) ;  lanr 3. 15 pg of protein from 
IPTG-induced  control NM522 cells; lane 4,  15 pg of protein from IPTC- 
induced  NM522+CypA cells. R .  nuclease activity gel. Ixnp 1 .  0.5 pg of 
micrococcal nuclease; lane 2, 15 pg of IPTG-induced NM522 protein; 
lane 3.15 pg of IPTG-induced  NM522+CypA. The radioactive gel nucle- 
ase assay was  performed as described under "Materials and Methods." 
with a 4-h incubation. The autoradiograph is black  where them is 
radioactively labeled DNA, and the "holes- indicate the site of a n  active 
nuclease. 

a n  IPTG-inducible  promoter.  The  transformed  and  induced 
cells  expressed  a  protein  in  the 17-18-kDa range  that  was  not 
observed  in  the  extracts  from  the  control NM.522 cells  (Fig. L4. 
lanes 4 and 3, respectively).  The  same  extract  preparations 
were  then  subjected to a radioactive gel nuclease  assay. A nucle- 
ase activated  in  this  assay will digest  away  the  radiolabeled 
DNA  in its immediate vicinity, clearing a small  area of radio- 
activity.  Thus,  the  resulting  autoradiograph of the  dried gel 
appears  black  wherever  there is radioactive  DNA  with "holes" 
at the site of an  activated  nuclease.  Analysis of the  nuclease 
activity  in  the  extracts  revealed  that  the  bacteria  containing 
cyclophilin  A  exhibit calciudmagnesium-dependent DNA deg- 
radation  properties  in  the 17-18-kDa range,  while  the  control 
bacterial  extracts  exhibited  no  detectable  nuclease  activity  un- 
der  the  same  conditions  (Fig. lZ3, lanes 3 and 2, respectively). 
For  comparison, lane 1 of Fig. 1B shows  the  relative  nuclease 
activity  associated  with 1 pg of pure micrococcal nuclease 
( M N ) .  The  bacterial  proteins  themselves  provide a negative 
control by demonstrating  that a site cleared of radioactivity 
does  not  form  simply  because a protein is located a t   t h a t  posi- 
tion.  Thus, i t  appears  from  this  genetic  approach  that  the  re- 
combinant  cyclophilin  A  protein  either  has  inherent  nuclease 
activity or is  capable of activating  an  endogenous  bacterial 
nuclease of precisely the  same  molecular  weight  as cyclophilin 
after  polyacrylamide gel electrophoresis,  protein  renaturation, 
and  activation. 

Bacterially Expressed Recornbinant Cyclophilin A N u c l e n s ~  
Activity Is Blocked hy Zinc and Aurintrirarho.rylic Arid-To 
further  evaluate  the  nuclease  activity  associated  with recom- 
binant  cyclophilin  and its relationship  to  NUC18, we studied 
the  sensitivity of this  "cyclophilin  A  nuclease  activity"  to  two 
chemicals  known  to  inhibit  both  pure  NUC18  nuclease  activity 
(15) and  apoptosis  in  these  cells:  zinc  (371  and  aurintricarbox- 
ylic acid (13). Fig.  2  shows  autoradionaphs  derived  from  nucle- 
ase  activity  gels  comparing micrococcal nuclease t M N ,  lane I ) 
to  NM522  bacterial  extract (lane 2 )  and  crude  recombinant 
cyclophilin  A  from  NM522  bacterial  extract (lane 3 ). Panel A of 
Fig.  2  shows  that  no  nuclease  activity  was  detected  from  any 
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FIG. 2. Sensitivity of NM.522-expressed cyclophilin A nuclease 

activity  to zinc ions and aurintricarhoxylic acid. Radioactive gel 
nuclease assays were performed as described under “Materials and 
Methods” and activated for 4 h.  Each of the four gels contain 0.5 pg of 
micrococcal nuclease (Innr 11, 1 pg of NM522 protein (lane 2 ) .  and 1 pg 
NM522+CypA protein (lone 3 ) .  The  gels  in A and R show nuclease 
activity in the presence and absence of Ca”. Gels labeled Zn“ ( 0  or 
Aur (D) were treated for 1 h with either 2 mM ZnCI, or 1 mh! aurintri- 
carboxylic  acid prior to  being  placed in calcium activating solution. 

sample  in  the  absence of added  calcium.  Calcium  addition  in 
panel B resulted  in  discernible  nuclease  activity  from  both  mi- 
crococcal nuclease  and  crude  protein  lysates of bacteria  ex- 
pressing  recombinant  cyclophilin A, but  not  from  extracts of 
non-cyclophilin  expressing  bacteria.  The  nuclease  activity  in- 
herent  to micrococcal nuclease  was  partially  inhibited  by  zinc 
(panel  C). This  known  inhibitor of apoptosis  clearly  abolished 
the activity  derived  from  samples of bacteria  transformed  with 
the  cyclophilin  A  expression  plasmid.  Similarly,  aurintricar- 
boxylic acid  blocked  nuclease  activity  associated  with  both  mi- 
crococcal nuclease  and  cyclophilin  A  (panel D ). Thus  the nucle- 
ase  activity of bacterially  expressed  cyclophilin  A  displays  the 
same  sensitivity  to  inhibitors  observed  previously  for  NUC18 
purified  from rat thymocyte  nuclei (15). 

Purified Recombinant  Cyclophilins A, B, a n d  C Exhihit 
Nuclease  Activity  in  the  Radioactive Gel A s s a y S i n c e   t h e  ge- 
netic  approach  taken  thus  far  to  assess  the  nuclease  activity of 
cyclophilin  did  not  fully  exclude  the  unlikely  possibility  that 
the  induced  cyclophilin  was  activating  an  endogenous  bacterial 
nuclease,  we  obtained  and  evaluated  samples of purified  hu- 
man  recombinant  cyclophilins A, B, and C. According  to  the 
limits of the  silver  stain  detection,  there are no  contaminating 
proteins  in  any of the  purified  preparations  (Fig. 3 A ) .  As  de- 
scribed  previously,  cyclophilin B (21  kDa)  (26)  and  cyclophilin  C 
(22.8  kDa)  (36) are larger  than  cyclophilin  A (18 kDa) (35). The 
difference  in  sizes  between  the  proteins  demonstrates  further 
that  nuclease  activity is inherent  to  cyclophilin  A  and  other 
members of the cyclophilin family. The  nuclease  activity ob- 
served  in  each  lane of the  radioactive gel assay  corresponds 
exactly  to  the  size of the  protein  in  that  lane  (Fig.  3B).  Con- 
taminating  proteins of a different  molecular  weight  that are too 
scarce  to  be  visualized  with  silver  staining  can  be  observed  in 
the  catalytic  radioactive gel nuclease  activity. For example, a 
higher  molecular  weight  protein  in  the micrococcal nuclease 
lanes  was  barely  discernible by silver  staining,  but  was  re- 
vealed by its  enzymatic  activity  in  the  radioactive  nuclease gel 
assay.  This  situation  was  not  observed  in  any of the cyclophilin 
lanes. 

FIG. 3. Silver stain and radioactive gcl nucleanc annay with 
purified human recomhinant cyclnphilinn. Each Ianl. cont:ilns 3 pg 
of pure protein. P o n d  A, silver stain I I  111’ micrococcal nuclvasc a n d  
purified  cyclophilins A, R. and C llanrs .\.fA’. A.  11. a n d  (’, rwpectlvt~lyl. 
Panel R ,  radioactive gel nuclrase assay with rnicrocnccal nucleaw and 
the purified cyclophilin samples. The radioactivr gvI nuclrnsr  assay war 
performed as described under 'Materials and  51vLhods.” with a 3-h 
activation. 

To more  rigorously  extend  these  analyses.  nuclease assays 
were  performed on resolubilized  crystals of cyclophilin A. The 
purity of the  prepared  sample of resoluhilized  crystals is shown 
in  Fig. 4. According  to  the  silver  stain  analysis,  no  contaminat- 
ing  proteins  are  present,  although  we  sometimes  ohserve cy- 
clophilin  A as  an  apparent  dimer  even  under  denaturing con- 
ditions.  Thus,  resolubilized  crystals of cyclophilin A have  the 
capacity  for calciudmagnesium-dependent DNA degradation. 
I t  is important  to  note  that calciudmagnesium-dependent 
nuclease  activity by cyclophilins has  also  been also ohserved in 
non-denaturing  conditions  with  purified  plasmid  and  resoluhi- 
lized cyclophilin  A  crystals, as well as  pure  recombinant cyclo- 
philin  proteins A, B, and C.3 

DISCUSSION 

Cyclophilins  have  been  identified in numerous  organisms 
(13-22)  and  display  varied  subcellular  localization.  including 
the  nucleus  (17, 23-26). This  family of proteins are well char- 
acterized  peptidylprolyl  cis-tmns-isomerases  that  hind  to  the 
immunosuppressive  drug  CsA  (27, 281. The  striking  sequence 
and  structural  similarity  between  cyclophilin  and  the  newly 
identified  18-kDa  nuclease  (NUC18,  isolated  from  purified  ap- 
optotic rat thymocyte  nuclei (15) suggest  that  NUC18  may 
represent a nuclear  member of the cyclophilin family. NUC18 
was  purified  based on its ability  to  degrade DNA, and  its  im- 
munological  similarity  to  cyclophilin A prompted  us  to  evaluate 
cyclophilins  for  nuclease  activity. We have  shown  that  purified 
forms of cyclophilin are  indeed  capable of degrading DNA with 
kinetics  sufficient  to  account for the DNA frapnentation oh- 
served  during  glucocorticoid-induced  apoptosis in thymocytes. 
Additionally, the  nuclease  activity from cyclophilin is inhibited 
by  compounds  that block both DNA degradation  and  apoptosis 
in  thymocytes.  This novel finding  demonstrates  that cyclophi- 
lins  can  interact  with DNA, a s  well as with  proteins,  and  sug- 
gests  that  cyclophilins  could  play a role  in  thymocyte  apoptosis. 

Although  nuclease  activation  appears  to  he a committed  step 
to  apoptosis  in  certain cell types,  such  as  lymphocytes,  thcw 
are  other  examples of apoptosis in which DNA degradation  and 
calcium-requiring  nuclease  activation  are  not  thr  early  events 
of programmed cell death (10, 38, 39,. Often in such  instances, 
chromatin  degradation of some  sort is a late  event  that is prob- 
ably  important  in  facilitating  nucleotide  recycling  and  prrvent- 
ing  autoimmune  responses.  Whether  the  NUC18 or cyclophilin 
proteins are participating  in  these  examples of apoptosis rcl- 
mains  to  be  determined. 

The  binding of CsA  to  cyclophilin  inhibits  the isomerascb ac- 
tivity of cyclophilin,  but  this effect is not  sufficient to account 

~ ~~~ 
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FIG. 4. Cyclophilin A crystals,  silver  stain, and radioactive gel 

nuclease  assays with resoluhilized CypA crystals. A ,  picture of 
CypA  crystals  similar  to  those used in  the  nuclease  assay  experiments 
in  this  figure.  The  cyclophilin  A  crystals  were  prepared by and  obtained 
from  Hengming Ke (University of North  Carolina,  Chapel  Hill,  NC) 
(40).  The  picture of the  crystals  was  taken  at 10x magnification  with a 
Nikon  microscope  and a Nikon FX35-A camera. B. silver  stain (33) 
showing  the  purity of 5 pg of the  resoluhilized  CypA  crystals.  Crystals 
were  removed  from  the  dialysis  wells,  transferred  to  Eppendorf  tubes. 
and  spun  a t  7,000 rpm for 25 min  to  pellet.  Pellets  were  resuspended  in 
20 mht Tris, pH 8.0, by sonicating  and  vortexing.  Concentration of pro- 
tein  was  determined  atAZHlI,  with 0.5 units  equaling 1 m g h l  protein. C. 
radioactive gel nuclease  assays  with 5 pg of resoluhilized  CypA  crystals 
in  the  absence  and  presence of calcium  ions  during a 4-h  activation, as 
described  under  “Materials  and  Methods.” 

for the  degree of immunosuppression  exhibited by CsA. Recent 
research  has  demonstrated  an  additional  role for cyclophilin as 
par t  of a cyclophilidCsA  complex  that  can  bind  to  and  inhibit 
the  serinekhreonine  phosphatase  calcineurin (31). Inhibition of 
calcineurin  results  in  the  prevention of lymphocyte  activation 
that  is  characteristic of CsA-induced  immunosuppression.  In- 
terestingly,  we  have  shown  that  CsA  can  stimulate  calciud 
magnesium-dependent  nuclease  activity of cyclophilins A, B, 
and  C  under  native conditions.:’ Furthermore,  we  have  shown 
that  CsA  can  stimulate  apoptosis  in  S49.1  thymoma  cells, 
based  on  morphology  and  DNA  fragmentation.’  Thus,  part of 
the  observed  immunosuppressive  effect of CsA  may  occur  via 
nuclease  activation of cyclophilins A, B, and C. In  addition,  the 
well documented  toxic  effects of CsA (30, 32) may  be  related  to 
its  stimulation of cyclophilin  nuclease  activity. 

In  summary,  we  report  that a nuclease  whose  activity is 
temporally  associated  with  apoptosis  in  thymocytes,  NUC18, 
has  sequence  and  structural  similarities  with  the  cyclophilin 
family of proteins.  Furthermore,  pure  recombinant  cyclophilins 
A, B, and  C  have  inherent calciudmagnesium-dependent 
nuclease  activity  that is pharmacologically  indistinguishable 
from  NUC18.  Direct  analysis as to  the  role of this  cyclophilin 
nuclease  activity  in  thymocyte  apoptosis is currently  under 
investigation. 

Achnocl , lr~f~menl-Wr thank Dr. David  Klapper I University of Nor th  
Carolina.  Chapel  Hill. N C J  for assistance  in  trypsin  digestion. F lP l ,C  
purification.  and  sequencinp of our purified Xt’C’lH prolcain. 
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