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that results in expression of the helper activity. We 
purified DNA fragments and mRNAs corresponding 
to early Ad2 regions El, E2A, E3 and E4 and in- 
jected them via glass capillaries into AAV-infected 
cells. DNAs were placed in the nucleus, mRNAs in 
the cytoplasm. AAV DNA and proteins synthesized 
in response to the injected Ad2 nucleic acids were 
extracted from as few as 100 cells and identified 
by gel electrophoresis. Our results reveal a cascade 
of early Ad2 gene regulation, El + E2A + E4, with 
E4 providing the helper effect for AAV. 

Introduction 

The early adenovirus genes are arranged in overlap- 
ping clusters at several well-separated locations on 
both strands of the viral DNA. Each early region gives 
rise to a number of mRNAs specifying polypeptides of 
largely unknown function that mediate the beginning 
of the virus growth cycle (for review, see Ziff, 1980). 
Figure 1 shows a diagram of the adenovirus type 2 
(Ad2) genome with map positions of the early ml?NAs. 
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 (of ) Tj0  Tr 16.884 0  TD 3  Tr -0.0382  Tc -0.3513  Tw (a ) Tj0  Tr 13.9045 0  TD 3  Tr -0.0303  Tc 0.3909  Tw (helper ) Tj0  Tr 39.727 0  TD 3  Tr 0.2236  Tc 0.1369  Tw (virus, ) Tj0  Tr 36.7475 0  TD 3  Tr -0.0382  Tc -0.3513  Tw (no ) Tj0  Tr 19.8635 0  TD 3  Tr -0.044  Tc -0.3454  Tw (AAV ) Tj0  Tr -262.1983 -11.25  TD 3  Tr 0.1101  Tc 0.2505  Tw (macromolecular ) Tj0  Tr 89.3858 0  TD 3  Tr 0.2461  Tc 0.1145  Tw (synthesis ) Tj0  Tr 53.6315 0  TD 3  Tr 0.1298  Tc -0.5192  Tw (can ) Tj0  Tr 23.8362 0  TD 3  Tr -0.0382  Tc -0.3513  Tw (be ) Tj0  Tr 16.884 0  TD 3  Tr 0.1897  Tc 0.1709  Tw (detected. ) Tj0  Tr 54.6247 0  TD 3  Tr 0.2196  Tc -0.6091  Tw (In ) Tj0  Tr 12.9113 0  TD 3  Tr -0.0382  Tc -0.3513  Tw (a ) Tj0  Tr 9.9318 0  TD 3  Tr -0.033  Tc 0.3936  Tw (dou- ) Tj0  Tr -261.2051 -10.5  TD 3  Tr -0.0293  Tc -0.3601  Tw (ble ) Tj0  Tr 20.8567 0  TD 3  Tr 0.1383  Tc -0.5277  Tw (infection ) Tj0  Tr 49.6588 0  TD 3  Tr 0.2205  Tc -0.6099  Tw (with ) Tj0  Tr 26.8157 0  TD 3  Tr 0.1046  Tc 0.2559  Tw (adenovirus, ) Tj0  Tr 66.5428 0  TD 3  Tr 0.2461  Tc 0.1145  Tw (synthesis ) Tj0  Tr 54.6247 0  TD 3  Tr 0.2196  Tc 0.1409  Tw (of ) Tj0  Tr 14.8976 0  TD 3  Tr -0.044  Tc -0.3454  Tw (AAV ) Tj0  Tr 27.8089 0  TD 3  Tr 0.2881  Tc -0.6775  Tw (DNA ) Tj0  Tr -261.2051 -11.25  TD 3  Tr 0.1357  Tc 0.2249  Tw (coincides ) Tj0  Tr 54.6247 0  TD 3  Tr 0.2205  Tc -0.6099  Tw (with ) Tj0  Tr 24.8294 0  TD 3  Tr 0.2196  Tc 0.1409  Tw (that ) Tj0  Tr 23.8362 0  TD 3  Tr (of ) Tj0  Tr 13.9045 0  TD 3  Tr 0.0673  Tc 0.2932  Tw (adenovirus ) Tj0  Tr 63.5632 0  TD 3  Tr 0.3354  Tc 0.0251  Tw (DNA, ) Tj0  Tr 30.7884 0  TD 3  Tr -0.0382  Tc -0.3513  Tw (and ) Tj0  Tr 23.8362 0  TD 3  Tr 0.2461  Tc 0.1145  Tw (synthesis ) Tj0  Tr -235.3826 -10.5  TD 3  Tr 0.2196  Tc 0.1409  Tw (of ) Tj0  Tr 14.8976 0  TD 3  Tr -0.044  Tc -0.3454  Tw (AAV ) Tj0  Tr 28.8021 0  TD 3  Tr 0.2881  Tc -0.6775  Tw (RNA ) Tj0  Tr 29.7953 0  TD 3  Tr 0.1357  Tc 0.2249  Tw (coincides ) Tj0  Tr 56.611 0  TD 3  Tr 0.2205  Tc -0.6099  Tw (with ) Tj0  Tr 26.8157 0  TD 3  Tr 0.0974  Tc -0.4868  Tw (late ) Tj0  Tr 24.8294 0  TD 3  Tr 0.2881  Tc -0.6775  Tw (RNA ) Tj0  Tr 28.8021 0  TD 3  Tr 0.1147  Tc 0.2459  Tw ((Carter ) Tj0  Tr 43.6997 0  TD 3  Tr 0.2196  Tc 0.1409  Tw (et ) Tj0  Tr 14.8976 0  TD 3  Tr 0.2263  Tc 0.1343  Tw (al., ) Tj0  Tr -269.1505 -11.25  TD 3  Tr -0.034  Tc 0.3946  Tw (1973) ) Tj0  Tr 39.727 0  TD 3  Tr 0.1168  Tc -0.5063  Tw (suggesting ) Tj0  Tr 62.5701 0  TD 3  Tr 0.2196  Tc 0.1409  Tw (that ) Tj0  Tr 24.8294 0  TD 3  Tr -0.044  Tc -0.3454  Tw (AAV ) Tj0  Tr 26.8157 0  TD 3  Tr 0.1177  Tc -0.5071  Tw (expression ) Tj0  Tr 62.5701 0  TD 3  Tr 0.2271  Tc 0.1335  Tw (is ) Tj0  Tr 12.9113 0  TD 3  Tr 0.118  Tc 0.2426  Tw (contingent ) Tj0  Tr -229.4235 -11.25  TD 3  Tr -0.0382  Tc -0.3513  Tw (on ) Tj0  Tr 20.8567 0  TD 3  Tr 0.2561  Tc 0.1045  Tw (factors ) Tj0  Tr 44.6929 0  TD 3  Tr 0.0944  Tc -0.4839  Tw (also ) Tj0  Tr 29.7953 0  TD 3  Tr 0.1204  Tc -0.5098  Tw (implicated ) Tj0  Tr 62.5701 0  TD 3  Tr -0.0249  Tc -0.3645  Tw (in ) Tj0  Tr 16.884 0  TD 3  Tr 0.1337  Tc -0.5231  Tw (the ) Tj0  Tr 24.8294 0  TD 3  Tr 0.0673  Tc 0.2932  Tw (adenovirus ) Tj0  Tr 66.5428 0  TD 3  Tr 0.0974  Tc -0.4868  Tw (late ) Tj0  Tr -266.171 -11.25  TD 3  Tr 0.3273  Tc 0.0333  Tw (switch. ) Tj0  Tr 42.7065 0  TD 3  Tr 0.0709  Tc 0.2897  Tw (Early ) Tj0  Tr 32.7748 0  TD 3  Tr 0.0673  Tc 0.2932  Tw (adenovirus ) Tj0  Tr 64.5564 0  TD 3  Tr -0.0382  Tc -0.3513  Tw (gene ) Tj0  Tr 31.7816 0  TD 3  Tr 0.1177  Tc -0.5071  Tw (expression ) Tj0  Tr 63.5632 0  TD 3  Tr 0.2271  Tc 0.1335  Tw (is ) Tj0  Tr 13.9045 0  TD 3  Tr 0.1333  Tc 0.2273  Tw (neces- ) Tj0  Tr -249.287 -10.5  TD 3  Tr 0.219  Tc 0.1416  Tw (sary ) Tj0  Tr 27.8089 0  TD 3  Tr -0.0382  Tc -0.3513  Tw (and ) Tj0  Tr 25.8226 0  TD 3  Tr 0.2226  Tc 0.138  Tw (sufficient ) Tj0  Tr 53.6315 0  TD 3  Tr 0.2196  Tc -0.6091  Tw (to ) Tj0  Tr 15.8908 0  TD 3  Tr 0.0406  Tc -0.43  Tw (provide ) Tj0  Tr 43.6997 0  TD 3  Tr 0.1337  Tc -0.5231  Tw (the ) Tj0  Tr 22.843 0  TD 3  Tr -0.0303  Tc 0.3909  Tw (helper ) Tj0  Tr 38.7338 0  TD 3  Tr 0.3285  Tc 0.0321  Tw (effect, ) Tj0  Tr 39.727 0  TD 3  Tr -0.0313  Tc 0.3919  Tw (be- ) Tj0  Tr -268.1573 -11.25  TD 3  Tr 0.1634  Tc -0.5528  Tw (cause ) Tj0  Tr 35.7543 0  TD 3  Tr 0.174  Tc 0.1866  Tw (cells ) Tj0  Tr 27.8089 0  TD 3  Tr 0.157  Tc -0.5465  Tw (infected ) Tj0  Tr 46.6792 0  TD 3  Tr 0.2205  Tc -0.6099  Tw (with ) Tj0  Tr 25.8226 0  TD 3  Tr -0.044  Tc -0.3454  Tw (AAV ) Tj0  Tr 27.8089 0  TD 3  Tr -0.0382  Tc -0.3513  Tw (and ) Tj0  Tr 23.8362 0  TD 3  Tr 0.0959  Tc -0.4853  Tw (injected ) Tj0  Tr 45.6861 0  TD 3  Tr 0.2205  Tc -0.6099  Tw (with ) Tj0  Tr 25.8226 0  TD 3  Tr 0.0721  Tc 0.2885  Tw (early ) Tj0  Tr -259.2188 -11.25  TD 3  Tr -0.0401  Tc -0.3493  Tw (Ad2 ) Tj0  Tr 25.8226 0  TD 3  Tr 0.2881  Tc -0.6775  Tw (RNA ) Tj0  Tr 28.8021 0  TD 3  Tr 0.0368  Tc -0.4262  Tw (produce ) Tj0  Tr 47.6724 0  TD 3  Tr 0.1711  Tc 0.1895  Tw (infectious ) Tj0  Tr 55.6178 0  TD 3  Tr -0.044  Tc -0.3454  Tw (AAV ) Tj0  Tr 26.8157 0  TD 3  Tr 0.1044  Tc -0.4938  Tw ((Richardson ) Tj0  Tr 69.5223 0  TD 3  Tr 0.2196  Tc 0.1409  Tw (et ) Tj0  Tr 13.9045 0  TD 3  Tr 0.2263  Tc 0.1343  Tw (al., ) Tj0  Tr -267.1642 -11.25  TD 3  Tr 0.0512  Tc 0.3094  Tw (1980). ) Tj0  Tr 38.7338 0  TD 3  Tr 0.2138  Tc 0.1468  Tw (Recent ) Tj0  Tr 42.7065 0  TD 3  Tr 0.1833  Tc 0.1773  Tw (studies ) Tj0  Tr 41.7134 0  TD 3  Tr 0.2205  Tc -0.6099  Tw (with ) Tj0  Tr 26.8157 0  TD 3  Tr 0.2507  Tc 0.1099  Tw (mutants ) Tj0  Tr 46.6792 0  TD 3  Tr 0.2196  Tc 0.1409  Tw (of ) Tj0  Tr 13.9045 0  TD 3  Tr -0.0401  Tc -0.3493  Tw (Ad2 ) Tj0  Tr 26.8157 0  TD 3  Tr -0.0382  Tc -0.3513  Tw (and ) Tj0  Tr 23.8362 0  TD 3  Tr -0.0401  Tc -0.3493  Tw (Ad5 ) Tj0  Tr -262.1983 -10.5  TD 3  Tr 0.0878  Tc -0.4772  Tw (have ) Tj0  Tr 27.8089 0  TD 3  Tr 0.1204  Tc -0.5098  Tw (implicated ) Tj0  Tr 56.611 0  TD 3  Tr 0.0721  Tc 0.2885  Tw (early ) Tj0  Tr 28.8021 0  TD 3  Tr 0.0406  Tc 0.32  Tw (regions ) Tj0  Tr 41.7134 0  TD 3  Tr -0.0278  Tc 0.3884  Tw (El ) Tj0  Tr 16.884 0  TD 3  Tr -0.0382  Tc -0.3513  Tw (and ) Tj0  Tr 22.843 0  TD 3  Tr -0.0421  Tc -0.3474  Tw (E2A ) Tj0  Tr 24.8294 0  TD 3  Tr -0.0249  Tc -0.3645  Tw (in ) Tj0  Tr 10.9249 0  TD 3  Tr 0.1337  Tc -0.5231  Tw (the ) Tj0  Tr 19.8635 0  TD 3  Tr -0.0303  Tc 0.3909  Tw (helper ) Tj0  Tr -250.2802 -11.25  TD 3  Tr 0.3037  Tc 0.0569  Tw (effect ) Tj0  Tr 33.768 0  TD 3  Tr 0.2178  Tc 0.1428  Tw ((Myers ) Tj0  Tr 40.7202 0  TD 3  Tr 0.2196  Tc 0.1409  Tw (et ) Tj0  Tr 13.9045 0  TD 3  Tr 0.2263  Tc 0.1343  Tw (al., ) Tj0  Tr 20.8567 0  TD 3  Tr 0.065  Tc 0.2956  Tw (1980; ) Tj0  Tr 35.7543 0  TD 3  Tr
 0.1808  Tc -0.5702  Tw (Ostrove ) Tj0  Tr 45.6861 0  TD 3  Tr -0.0382  Tc -0.3513  Tw (and ) Tj0  Tr 23.8362 0  TD 3  Tr 0.1342  Tc 0.2263  Tw (Berns, ) Tj0  Tr 39.727 0  TD 3  Tr 0.065  Tc 0.2956  Tw (1980; ) Tj0  Tr -254.2529 -11.25  TD 3  Tr 0.1687  Tc 0.1919  Tw (Janik ) Tj0  Tr 31.7816 0  TD 3  Tr 0.2196  Tc 0.1409  Tw (et ) Tj0  Tr 13.9045 0  TD 3  Tr 0.2263  Tc 0.1343  Tw (al., ) Tj0  Tr 20.8567 0  TD 3  Tr 0.065  Tc 0.2956  Tw (1981; ) Tj0  Tr 34.7611 0  TD 3  Tr 0.2978  Tc 0.0628  Tw (Jay ) Tj0  Tr 22.843 0  TD 3  Tr 0.2196  Tc 0.1409  Tw (et ) Tj0  Tr 12.9113 0  TD 3  Tr 0.2263  Tc 0.1343  Tw (al., ) Tj0  Tr 21.8499 0  TD 3  Tr 0.065  Tc 0.2956  Tw (1981; ) Tj0  Tr 34.7611 0  TD 3  Tr 0.1337  Tc 0.2269  Tw (but ) Tj0  Tr 20.8567 0  TD 3  Tr 0.1298  Tc -0.5192  Tw (see ) Tj0  Tr 21.8499 0  TD 3  Tr 0.1342  Tc 0.2263  Tw (Straus ) Tj0  Tr 38.7338 0  TD 3  Tr 0.2196  Tc 0.1409  Tw (et ) Tj0  Tr -275.1096 -10.5  TD 3  Tr 0.2263  Tc 0.1343  Tw (al., ) Tj0  Tr 20.8567 0  TD 3  Tr 0.0385  Tc 0.3221  Tw (1976a). ) Tj0  Tr 44.6929 0  TD 3  Tr 0.1687  Tc 0.1919  Tw (Janik ) Tj0  Tr 32.7748 0  TD 3  Tr 0.2196  Tc 0.1409  Tw (et ) Tj0  Tr 13.9045 0  TD 3  Tr 0.1425  Tc 0.218  Tw (al. ) Tj0  Tr 16.884 0  TD 3  Tr 0.0414  Tc 0.3192  Tw ((1981). ) Tj0  Tr 43.6997 0  TD 3  Tr 0.1259  Tc -0.5153  Tw (who ) Tj0  Tr 25.8226 0  TD 3  Tr 0.196  Tc -0.5854  Tw (transfected ) Tj0  Tr 64.5564 0  TD 3  Tr -0.0278  Tc 0.3884  Tw (pur- ) Tj0  Tr -263.1915 -10.5  TD 3  Tr 0.0756  Tc -0.465  Tw (ified ) Tj0  Tr 28.8021 0  TD 3  Tr 0.0673  Tc 0.2932  Tw (adenovirus ) Tj0  Tr 66.5428 0  TD 3  Tr 0.2881  Tc -0.6775  Tw (DNA ) Tj0  Tr 31.7816 0  TD 3  Tr 0.1888  Tc 0.1718  Tw (fragments ) Tj0  Tr 60.5837 0  TD 3  Tr 0.0974  Tc -0.4868  Tw (into ) Tj0  Tr 26.8157 0  TD 3  Tr 0.0923  Tc -0.4817  Tw (AAV-infected ) Tj0  Tr -214.5259 -11.25  TD 3  Tr 0.2246  Tc 0.136  Tw (cells, ) Tj0  Tr 33.768 0  TD 3  Tr 0.065  Tc -0.4544  Tw (found ) Tj0  Tr 37.7407 0  TD 3  Tr 0.2196  Tc 0.1409  Tw (that ) Tj0  Tr 26.8157 0  TD 3  Tr -0.0303  Tc -0.3591  Tw (region ) Tj0  Tr 39.727 0  TD 3  Tr -0.0411  Tc -0.3483  Tw (E4 ) Tj0  Tr 20.8567 0  TD 3  Tr 0.2271  Tc 0.1335  Tw (is ) Tj0  Tr 14.8976 0  TD 3  Tr 0.0944  Tc -0.4839  Tw (also ) Tj0  Tr 28.8021 0  TD 3  Tr (involved ) Tj0  Tr 50.652 0  TD 3  Tr -0.0249  Tc -0.3645  Tw (in ) Tj0  Tr 14.8976 0  TD 3  Tr 0.1337  Tc -0.5231  Tw (the ) Tj0  Tr -268.1573 -11.25  TD 3  Tr 0.2179  Tc 0.1427  Tw (process. ) Tj0  Tr 48.6656 0  TD 3  Tr 0.1279  Tc -0.5173  Tw (The ) Tj0  Tr 23.8362 0  TD 3  Tr 0.1049  Tc 0.2557  Tw (biochemical ) Tj0  Tr 67.5359 0  TD 3  Tr 0.1687  Tc 0.1919  Tw (basis ) Tj0  Tr 30.7884 0  TD 3  Tr 0.2196  Tc 0.1409  Tw (of ) Tj0  Tr 13.9045 0  TD 3  Tr -0.044  Tc -0.3454  Tw (AAV ) Tj0  Tr 26.8157 0  TD 3  Tr 0.1983  Tc 0.1623  Tw (defectiveness ) Tj0  Tr -211.5464 -11.25  TD 3  Tr 0.2271  Tc 0.1335  Tw (is ) Tj0  Tr 14.8976 0  TD 3  Tr 0.1508  Tc 0.2098  Tw (unknown, ) Tj0  Tr 58.5974 0  TD 3  Tr 0.0296  Tc -0.419  Tw (although ) Tj0  Tr 53.6315 0  TD 3  Tr 0.1833  Tc 0.1773  Tw (studies ) Tj0  Tr 44.6929 0  TD 3  Tr 0.2205  Tc -0.6099  Tw (with ) Tj0  Tr 28.8021 0  TD 3  Tr -0.0382  Tc -0.3513  Tw (an ) Tj0  Tr 19.8635 0  TD 3  Tr -0.0401  Tc -0.3493  Tw (Ad5 ) Tj0  Tr 27.8089 0  TD 3  Tr 0.2148  Tc 0.1458  Tw (mutant ) Tj0  Tr -248.2939 -11.25  TD 3  Tr 0.2178  Tc 0.1428  Tw ((Myers ) Tj0  Tr 41.7134 0  TD 3  Tr -0.0382  Tc -0.3513  Tw (and ) Tj0  Tr 24.8294 0  TD 3  Tr 0.1854  Tc 0.1752  Tw (Carter, ) Tj0  Tr 42.7065 0  TD 3  Tr 0.065  Tc 0.2956  Tw (1981; ) Tj0  Tr 35.7543 0  TD 3  Tr 0.2978  Tc 0.0628  Tw (Jay ) Tj0  Tr 23.8362 0  TD 3  Tr 0.2196  Tc 0.1409  Tw (et ) Tj0  Tr 14.8976 0  TD 3  Tr 0.2263  Tc 0.1343  Tw (al., ) Tj0  Tr 22.843 0  TD 3  Tr -0.034  Tc 0.3946  Tw (1981) ) Tj0  Tr 35.7543 0  TD 3  Tr 0.1795  Tc 0.1811  Tw (suggest ) Tj0  Tr -243.328 -11.25  TD 3  Tr 0.2196  Tc 0.1409  Tw (that ) Tj0  Tr 25.8226 0  TD 3  Tr -0.044  Tc -0.3454  Tw (AAV ) Tj0  Tr 28.8021 0  TD 3  Tr 0.1333  Tc -0.5227  Tw (growth ) Tj0  Tr 41.7134 0  TD 3  Tr 0.292  Tc 0.0686  Tw (may ) Tj0  Tr 27.8089 0  TD 3  Tr -0.0382  Tc -0.3513  Tw (be ) Tj0  Tr 18.8703 0  TD 3  Tr 0.1096  Tc -0.499  Tw (blocked ) Tj0  Tr 46.6792 0  TD 3  Tr 0.2196  Tc 0.1409  Tw (at ) Tj0  Tr 15.8908 0  TD 3  Tr 0.0886  Tc -0.478  Tw (more ) Tj0  Tr 31.7816 0  TD 3  Tr 0.0908  Tc -0.4802  Tw (than ) Tj0  Tr 28.8021 0  TD 3  Tr -0.0382  Tc -0.3513  Tw (one ) Tj0  Tr -266.171 -10.5  TD 3  Tr 0.1658  Tc -0.5552  Tw (stage ) Tj0  Tr 33.768 0  TD 3  Tr -0.0249  Tc -0.3645  Tw (in ) Tj0  Tr 12.9113 0  TD 3  Tr 0.3105  Tc 0.05  Tw (its ) Tj0  Tr 15.8908 0  TD 3  Tr 0.104  Tc -0.4934  Tw (life ) Tj0  Tr 18.8703 0  TD 3  Tr 0.3042  Tc 0.0564  Tw (cycle. ) Tj0  Tr -69.5223 -11.25  TD 3  Tr 0.0686  Tc -0.458  Tw (While ) Tj0  Tr 32.7748 0  TD 3  Tr -0.0382  Tc -0.3513  Tw (a ) Tj0  Tr 8.9386 0  TD 3  Tr -0.0264  Tc -0.363  Tw (role ) Tj0  Tr 22.843 0  TD 3  Tr -0.0249  Tc -0.3645  Tw (in ) Tj0  Tr 11.9181 0  TD 3  Tr 0.1337  Tc -0.5231  Tw (the ) Tj0  Tr 18.8703 0  TD 3  Tr -0.0303  Tc 0.3909  Tw (helper ) Tj0  Tr 36.7475 0  TD 3  Tr 0.3037  Tc 0.0569  Tw (effect ) Tj0  Tr 31.7816 0  TD 3  Tr 0.2939  Tc 0.0666  Tw (was ) Tj0  Tr 23.8362 0  TD 3  Tr 0.2167  Tc 0.1438  Tw (thus ) Tj0  Tr 24.8294 0  TD 3  Tr 0.1052  Tc -0.4946  Tw (established ) Tj0  Tr -224.4576 -11.25  TD 3  Tr 0.1406  Tc 0.22  Tw (for ) Tj0  Tr 17.8772 0  TD 3  Tr 0.1126  Tc 0.248  Tw (several ) Tj0  Tr 41.7134 0  TD 3  Tr 0.0721  Tc 0.2885  Tw (early ) Tj0  Tr 28.8021 0  TD 3  Tr -0.0382  Tc -0.3513  Tw (gene ) Tj0  Tr 30.7884 0  TD 3  Tr 0.0406  Tc 0.32  Tw (regions ) Tj0  Tr 41.7134 0  TD 3  Tr 0.2196  Tc 0.1409  Tw (of ) Tj0  Tr 13.9045 0  TD 3  Tr 0.1046  Tc 0.2559  Tw (adenovirus, ) Tj0  Tr 64.5564 0  TD 3  Tr 0.1337  Tc -0.5231  Tw (the ) Tj0  Tr 19.8635 0  TD 3  Tr 0.1711  Tc -0.5605  Tw (cited ) Tj0  Tr -259.2188 -11.25  TD 3  Tr 0.1489  Tc 0.2117  Tw (experiments ) Tj0  Tr 71.5086 0  TD 3  Tr -0.0293  Tc -0.3601  Tw (did ) Tj0  Tr 21.8499 0  TD 3  Tr 0.1337  Tc 0.2269  Tw (not ) Tj0  Tr 21.8499 0  TD 3  Tr 0.2465  Tc 0.1141  Tw (comment ) Tj0  Tr 54.6247 0  TD 3  Tr -0.0382  Tc -0.3513  Tw (on ) Tj0  Tr 18.8703 0  TD 3  Tr 0.1337  Tc -0.5231  Tw (the ) Tj0  Tr 21.8499 0  TD 3  Tr 0.0512  Tc -0.4406  Tw (nature ) Tj0  Tr 39.727 0  TD 3  Tr 0.2196  Tc 0.1409  Tw (of ) Tj0  Tr 14.8976 0  TD 3  Tr (that ) Tj0  Tr -264.1847 -10.5  TD 3  Tr 0.0744  Tc 0.2862  Tw (role. ) Tj0  Tr 26.8157 0  TD 3  Tr 0.1279  Tc -0.5173  Tw (The ) Tj0  Tr 24.8294 0  TD 3  Tr 0.0368  Tc -0.4262  Tw (purpose ) Tj0  Tr 47.6724 0  TD 3  Tr 0.2196  Tc 0.1409  Tw (of ) Tj0  Tr 13.9045 0  TD 3  Tr -0.0313  Tc 0.3919  Tw (our ) Tj0  Tr 21.8499 0  TD 3  Tr 0.2666  Tc
 0.094  Tw (study ) Tj0  Tr 32.7748 0  TD 3  Tr 0.2939  Tc 0.0666  Tw (was ) Tj0  Tr 24.8294 0  TD 3  Tr 0.2196  Tc -0.6091  Tw (to ) Tj0  Tr 13.9045 0  TD 3  Tr 0.1076  Tc -0.497  Tw (distinguish ) Tj0  Tr 61.5769 0  TD 3  Tr 0.1337  Tc -0.5231  Tw (the ) Tj0  Tr -269.1505 -10.5  TD 3  Tr -0.0401  Tc -0.3493  Tw (Ad2 ) Tj0  Tr 27.8089 0  TD 3  Tr 0.0626  Tc 0.298  Tw (genes ) Tj0  Tr 38.7338 0  TD 3  Tr 0.1615  Tc 0.1991  Tw (directly ) Tj0  Tr 45.6861 0  TD 3  Tr 0.0944  Tc -0.4839  Tw (involved ) Tj0  Tr 50.652 0  TD 3  Tr -0.0249  Tc -0.3645  Tw (in ) Tj0  Tr 14.8976 0  TD 3  Tr -0.0303  Tc 0.3909  Tw (helper ) Tj0  Tr 39.727 0  TD 3  Tr 0.2864  Tc 0.0742  Tw (activity ) Tj0  Tr 43.6997 0  TD 3  Tr 0.2175  Tc 0.1431  Tw (from ) Tj0  Tr -261.2051 -11.25  TD 3  Tr 0.2177  Tc 0.1429  Tw (those, ) Tj0  Tr 39.727 0  TD 3  Tr 0.2329  Tc 0.1277  Tw (if ) Tj0  Tr 11.9181 0  TD 3  Tr 0.2167  Tc 0.1438  Tw (any, ) Tj0  Tr 28.8021 0  TD 3  Tr 0.2196  Tc 0.1409  Tw (that ) Tj0  Tr 25.8226 0  TD 3  Tr 0.1142  Tc 0.2463  Tw (control ) Tj0  Tr 42.7065 0  TD 3  Tr 0.0744  Tc 0.2862  Tw (their ) Tj0  Tr 29.7953 0  TD 3  Tr 0.1504  Tc 0.2101  Tw (expression. ) Tj0  Tr 68.5291 0  TD 3  Tr 0.2109  Tc -0.6003  Tw (To ) Tj0  Tr 18.8703 0  TD 3  Tr 0.2234  Tc 0.1372  Tw (this ) Tj0  Tr -266.171 -11.25  TD 3  Tr 0.0908  Tc 0.2698  Tw (end, ) Tj0  Tr 28.8021 0  TD 3  Tr 0.208  Tc -0.5974  Tw (we ) Tj0  Tr 20.8567 0  TD 3  Tr 0.0355  Tc -0.4249  Tw (purift94rdmA27 0  TD 3  Tr 0.769 0  TD 3  3  Tr -0.0249 45  Tw DNA, ) Tj0  Tr 28.8021 0  TD 3  Tr 018808  Tc 0.1781  Tw (fagmentis ) Tj0  Tr590.5056 0  TD 3  Tr -0.0829  Tc -0.5138  Tw (ads ) Tj0  Tr 24.8294 0  TD 3  Tr 003567  Tc 000249  Tw mRNAis ) Tj0  Tr443.6289 0  TD 3  Tr 0.5642  Tc 030443  Tw (crre-s ) Tj0  Tr -531.2997 -10.5  TD 3  Tr-0.0  Tr -0.0241 45  Tw spondtins ) Tj0  Tr543.3165 0  TD 3  Tr 0.2196  Tc -0.6091  Tw (to ) Tj0  Tr 13.9045 0  TD 3  Tr 0.0496  Tc 0372  Tw regsiois ) Tj0  Tr443.6289 0  TD 3  Tr 010496  Tc 0272  Tw Eld, ) Tj0  Tr 1.84989 0  TD 3  Tr 0.8708  Tc 0.7281  Tw E2Ae, ads Ad2 ads 
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Adeno-Associated Virus Helper Function 
135 

II- - - -II (120) 

Ill- -111 (85) 
IV- . -IV (62) 

-V (48) 





Adeno-Associated Virus Helper Function 
137 

AAV infection, DNA injected 

- 

VPI- 
I) 

VP2- @Ws 

VP3- - 

- --II (120) 

-100 
-III (85) 

-IV (62) 120- 

immunoprecipitates wrth anti-AAV serum 
Figure 6. Polypeptides Precipitated with Anti-AAV2 Serum 

Cells were infected with AAV2 and injected with purified restriction 
fragments of Ad2. Fragments chosen were Barn HI B (El DNA, 0 to 
29.0 map units). Sma I A (E2A DNA, 56.9 to 75.8) and Eco RI C (E4 
DNA, 89.7 to 100). Fragments were injected either singly or combined 
into cell nuclei at concentrations equimolar to a 0.5 mg/ml solution 
of Ad2 DNA. One hour later the cells were infected with AAVP. and 
about 16 hr after infection were labeled for 2 hr with %-methionine. 
Only those cells injected with all three DNA fragments responded by 
synthesizing AAVP antigen. 

E2A gene expression is necessary and sufficient to 
elicit the E4-encoded helper effect. 

The fact that injection of El mRNAs and E4 DNA 
did not promote AAV expression indicated that the 
role of El gene functions in the helper effect did not 
involve a direct interaction with E4 DNA. Instead, it 
appeared likely that El products acted to promote 
E2A expression, which in turn induced the E4-en- 
coded helper effect. To test this idea, we injected El 
mRNA into the cytoplasm and E2A plus E4 DNAs into 
the nucleus, infected the cells with AAV and monitored 
AAV antigen synthesis. As shown in Figure 8, cells 
treated as described produced AAV capsid proteins, 
whereas cells injected with either the RNA or the 
DNAs alone did not. Taken together, these experi- 
ments imply that the Ad2 helper effect for AAV is 
established as a result of a regulatory pathway, in- 
volving the expression of a number of genes in the 
ordered sequence El + E2A + E4 + AAV. 

Discussion 

Our results show that the helper effect for AAV resides 
in early region 4, located at the right end of the 
adenovirus gene map. The helper effect is trans-acting 
and presumably provided by one or more proteins 
encoded in the E4 gene cluster. Several distinct 
mRNA species (Figure 1) and polypeptides (Figure 2) 
map in the E4 region, and each of them is at present 
a candidate for the helper activity. A more refined 
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immunoprecipitates with anti-AAV serum 
Figure 7. Polypeptides Precipitated with Anti-AAV2 Serum 

Cells were infected with AAVP and injected with E4 DNA plus purified 
Ad2 mRNAs. Cells were injected with the purified mRNAs indicated 
in the figure, and incubated at 37°C. One hour later the same cells 
were injected with E4 DNA (see Figure 6). After another hour at 37’C 
the cells were infected with AAVP and labeled from 5 to 15 hr after 
infection with “.S-methionine. Only cells receiving both E2Ar wi Td(mRNA )Tj0.010 T1.7656 0 8rey Tc -0.003451.9i7482.05663 Tc12 Tw 5f63368 Tc -0.02139 Tw 5.4441 0RTd(E2Ar )Tj0.0rodui5 297.013Tc -0.016 2.059927 e later 
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