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In situ measurements o f  the chemical composit ion o f  individual aerosol par- 
ticles a t  altitudes between 5 and 19 kilometers reveal t ha t  upper tropospheric 
aerosols of ten contained more organic material than sulfate. Although strato- 
spheric aerosols primarily consisted o f  sulfuric acid and water, many also 
contained meteorit ic material. Just above the tropopause, small amounts o f  
mercury were found in  over half o f  the aerosol particles tha t  were analyzed. 
Overall, there was tremendous variety in  aerosol composition. One measure o f  
th is diversity is tha t  at  least 45 elements were detected in  aerosol particles. 
These results have wide implications for  the  complexity o f  aerosol sources and 
chemistry. They also offer possibilities for  understanding the transport o f  
atmospheric aerosols. 

Understanding the colnpositioll of atmo- 
spheric aerosol particles is necessary for 
identifying their sources and predicting their 
effects on atmospheric chemistry and cli- 
mate. Aerosols i~lfluellce Earth's heat budget 
both directly by absorbing and scattering sun- 
light, and indirectly by acting as nuclei for 
cloud droplets. These aerosol effects are re- 
spo~lsible for some of the most important 
uncertainties associated with global-mean ra- 
diative forcing (1).  Aerosols also affect gas 
~ h a s e  chemistry through heterogeneous pro- 
cesses In the stratosphere. aerosols take up 
nitric acid and water at cold temperatures to 
fo1111 polar stratospheric clouds. which play a 
nlajor role in polar ozone depletion (2) .  Het- 
erogeneous reactions are known to affect the 
KO, budget throughout the lower strato- 
sphere and have been suggested as a way of 
resolvi~lg discrepancies in the XO, budget of 
the upper troposphere. Recent changes in var- 
ious allthropoge~lic and natural species in the 
atmosphere could affect the nuniber. size, and 
com~osi t ion  of aerosols and in turn influence 
atmospheric chemical cycles. Increased air 
trafflc is of special concern for irljecting ma- 
terial that could affect aerosols at high alti- 
tudes (3). 

It has been know11 since the 1960's that 
the stratospheric aerosol layer co~lsists ~nostly 
of sulfate and associated \x7ater ( 4 ) .  An early 
suggestion that lnally stratospheric aerosols 
contain meteoritic material ( 5 )  was later dis- 
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puted (6) .  A few percent of stratospheric 
m articles have been sho\vn to have diverse 
colnpositio~ls i~lcludillg soot and minerals 
( 7 ) .  Aerosols in the upper troposphere are not 
as well characterized as those in the lower 
stratosphere. Most  nodel ling studies have as- 
sumed that upper tropospheric aerosols are 
either ammonium sulfate or sulfuric acid. 

Measuremellts of volatile or trace spe- 
cies in stratospheric aerosols h a l e  been 
scarce. Temperatures at 12 to 19 lcln alti- 
tude are usually less than 225 K.  Bringing 
either filter samples or electron ~nicroscope 
grids baclc for laboratory analysis at room 
temperature thus involves heating the sam- 
ples by more than 75 K. Such heating risks 
significant changes' in composition. Sulfu- 
ric acid aerosols also readily take up am- 
monia and organics from the air (8 ,  9). 
Therefore. sample handling can easily af- 
fect those species. Here LTe report in situ 
measurements of the cornpositiorl of strato- 
spheric aerosols, n~h ich  minimize ~rolatiza- 
tion and contamillation of aerosols. and 
discuss their implications for atmospheric 
chemistry and dynamics. 

Method 
Aerosol pa~ticles were analyzed using a laser 
io~lization mass spectrometer (PALMS) 
mounted in the nose of a M:B-57F high alti- 
tude research airplane (10). Aerosols are 
brought into a vacuum system and illdividual 
pal-ticles are detected by light scattered as 
they cross the beam of a continuous laser. 
The scattered light signal gives a rough indi- 
cation of the size of the palticle and a trigger 
for an escirner laser (193 nm). n~hich  is 
pulsed so its beam hits the particle to desorb 
and ionize lnolecules and atoms. These ions 
are analyzed wit11 a time of flight Inass spec- 

trometer to provide a colnplete mass spec- 
trum from each particle. By changing the 
acceleratio~l voltages. the mass spectrometer 
can transnlit either positive or negative ions 
to the detector. The polarity was changed 
every few minutes in flight; about two-thirds 
of the time \vas spent acquiring positive spec- 
tra. Laser pulses with no aerosols present 
~ r o d u c e d  less than 0.1% of the signal from a 
typical pa~ticle. and thus the spectra are rep- 
resentative of aerosol species only. For ex- 
ample. the system is sensitive to aerosol ni- 
trate but not to gas phase nitric acid. 

Calibrations with KC1 particles and latex 
spheres indicate that the flight instrument 
could not detect particles with diameters less 
than about 0.2 p n .  Particles larger than 2 k m  
included   no st of the aerosol mass during 
these flights but usually only a minority of 
the llu~nber of particles (11). Except during 
time spent in c i rn~s  clouds. mass spectra were 
obtained from over 90°4 of valid triggers. 
Therefore, we call be co~lfident that these data 
include all of the common types of aerosols 
larger than 0.2 p n .  

These mass spectra. wit11 signal-to-noise 
ratios that often exceed 1000. are more sen- 
sitive to many trace species than previous 
techniques used to analyze stratospheric aero- 
sols. Artifacts are minimized because the par- 
ticles never touch a surface and because the 
maill inlet into the aircraft, which is nearly 
isokinetic. is \vithin an estimated 5 K of 
ambient temperatures. 411alysis was com- 
plete less than 7 111s after the aerosols entered 
the aircraft and less than 1 111s after the aero- 
sols entered the vacuum chamber. Although 
that is more than enough time for evaporation 
or co~lde~lsatioll of lno~lolavers of volatile 
s ~ e c i e s ,  mass transfer calculations indicate 
that there should not be any changes in the 
bulk composition of aerosols. Spectra of lva- 
ter were observed in cil7-u~ clouds, indicating 
that at least some of even the most volatile 
pa~ticles sur\,i\,ed into the instrument. 

Flights were made from Housto~l during 
April and Nay  1998, a time of rni~lilnal vol- 
canic influence on stratospheric aerosols. 

Fig. 1. Flight tracks of the WB-57F Aerosol 
Mission. Two flights were flown down the 
95"W meridian. 
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Flights cox ered latitudes from 9% to 46'N and 
altih~des up to 19 l<m (Fig. 1). hIass spectra 
\\ere obtained fronl ox-er 28.000 indi~id~ia l  par- 
ticles. X micro\?axe temperature profiles 
(LZTP) on tht \5:B-j7F llleasured the tempera- 
tiire abox e and belox'i the ailplane (13). The 
position of the tropopause xvas then derived 
fro111 the temperaturz pro-files using the n7AZ0 
definit~on for the thornla1 tropopause. 

Sulfate and Organics 
hlost of the negati\.e ion spectra of strato- 
spheric aerosols xvere simple (Fig.  2 4 ) .  Sul- 
fate \vas the predominant component. 0111) a 
few percent of the aerosols had compositions 
in which sulfate \$.as not dominant, in agree- 
nlent ~ ' i i th data from Sheridan er nl. (7). In 
the upper troposphere. many of the negative 
ion spectra xvere Inore complicated (Fig. 2B) .  
Organic pealts xvere common. Orgallics and 
sulfates x'iere usually present in the same 
palticles (internally mixed). Besides the par- 
ticle and aerosol types s11on11 in Fig. 2. neg- 
atix-e ion spectra of mineral and soot particles 
lvere also obserx-ed. These n-ere occasionally 
present nell  abo1.e the rropopause but were 
Inore co~lll l~on in the troposphere. 

It is difficult to con\e1t the peak areas ob- 
sen-ed in laser ionization spectra to Illass frac- 
tions because the efficiency \vith which differ- 
ent s~ecies  for~ll ions call \-as! by large factors. 
For exan~ple, only 0.1°'6 of the organics in 
sulfillic acid generated ox er 5O0.r, of the positi1.e 
ions (5). but the seasitixities for silllilar ions 
such as C 1  and Brp in sea salt can be within 
factor of 2 of each other ( IS ) .  Calibratiolls with 
laox1 11 aerosols are ths best Ivay to quantif) the 

Fig. 2. Examples of neg- 
ative ion spectra ob- 
tained from single aero- 
sol particles in (A) the 
stratosphere and (B) the 
upper troposphere. These 
spectra were typical of 
the most common spec- 
tra observed in each alti- 
tude range. The strato- 
spheric particle spectrum 
also had a peak at 195 = 
H2S0, HS0,~-. The tro- 
pospheric particle spec- 
t rum shows organic and 
sulfate peaks along wi th 
halogens. The presence 
of organic acids and 
CH,(OH)SO, , which is 
most likely a fragment of 
hydroxymethanesulfonic 
acid (HMSA) (38), may 
indicate a role of l iqu~d 
cloud processing of this 
particular aerosol 

spectra. and a fen. are available. Fu~the~more,  in 
the absence of nlarris effects. the changes in 
percentages of gix-en ions in different spectra 
can indicate trends in the abundances of soms 
s~ec i e s  ex-en without lu~owing the absolute 
mass fractions. 

A ~ x r a g e  profiles of the sulfate and organ- 
ic pealts, esprzssed as percentages of the total 
ion cui~ent .  show that the tropopause \$-as 
associatecl n-it11 a distinct chaage in aerosol 
colllpositioll (Fig. 3 ) .  In the stratosphere. sul- 
fate pealts dolllinated the 11egatix.e ion spec- 
tra. 4 s  in Fig. 2 4 ,  the remaining 11egatix.e 
ions were mostl) 0 and OHp.  Positive ion 
spectra. which are much more se11sitix.e to 
organics. denlollstrate the presence of a small 
but non-zero concentration of organics in 
stratospheric aerosols. In the upper tropo- 
sphere, organic ions were often nlore ahun- 
dant than sulfate ions in negatix e ion spectra. 
Laboratory calibrations show that the nega- 
ti1.e ion spectra are nlore sensitive to sulfate 
than to organics. Therefore, the sulfate ion 
data in Fig. 3 are ~llost liltely upper linlits for 
the mole percentages of sulfate. 

Meteoritic Material in Stratospheric 
Aerosols 

Iron n as present in about half of the spectra 
of stratospheric aerosols, and mas often the 
largest positix e ion pealc (Fig. 14). The 54Fe 
and ' V e  isotopes allon us to identify iron 
nit11 confidence. Peaks such as H,SO,- in 
the spectra indicate that the iron was present 
in sulfate aerosols. Because nletals malie pos- 
itix.e ions much Illore readilq than sulfate 
does, e x m  snlall nlole fractions of nletals can 

be easily observed in the positive ion spectra 
of stratospheric sulfate aerosols. 

TITO types of e\.idence indicate that most 
of the iron in stratospl~eric aerosols represents 
nleteoritic material. First, spectra lvith large 
iron peaks nere  much more common in the 
stratosphere than in the troposphere (Fig. 5 ) .  
.4ltl1ougl1 calibrations are required to convert 
ion fractions to Illass fi-actions, the shift in 
Fig. 5 is sufficiently large to conclude that the 
fractional iron contellt of aerosols is larger in 
the stratosphere than in the troposphere. This 
difference indicates a high altitude source of 
iron. Second, the iron-containing stratospher- 
ic aerosol particles also contained nlagnesiulll 
and other elements (Na. Al. I<. Ca. Cr, and 
Ni) in proportiolls that are consistent with 
nleteoritic lllaterial (14).  For example. the 
"'1i~''Na ion ratio in stratospheric particles 
containing iron is quite distinct from the larg- 
er and much Illore variable ratio at lower 
altitudes (Fig. 6) .  The '"I<$"Na ion ratio 
from stratospheric aerosols is close to the ion 
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Fig. 3. Average profiles of the percentage of ion 
current in  sulfate (A) and organic (B) peaks as a 
function o f  potential temperature. Each spec- 
t rum was normalized t o  a tota l  ion current of 
loo%, the spectra were sorted according t o  the 
independent variable (here potential tempera- 
ture) and then the sums of characteristic peaks 
were averaged over about 270 spectra. Several 
sulfur-containing peaks were summed for the 
sulfate signal, of which the most  abundant was 
97 (HS0,-). Mass t o  charge ratios of 12, 13, 
24, 25, 26, 27, 42, 43, 45, and 89 were used as 
a set of common organic peaks, of which the 
most  abundant was 26 (CNp and C2HZp). 
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ratio measured at about 100 l<m altitude after 
the 1976 Perseid nleteor shower ( 1 5 ) .  The 
larger and Illore variable tropospheric ratios 
arz consistent with sources such as mineral 
dust. The a\.erage iron signal from strato- 
spheric aerosols n-as not correlated \\it11 the 
particle sizz zstimated from the scattered 
light pulse. 

Llost of the Illass influx of meteors to 
Earth is in particles less than 1 mm in diam- 
eter that ablate at altitudes above 75 km (16. 
17 ). These thus prolide a source for nletal 
atonls in the upper atmosphere that ex~entual- 
1y reco~llbine to fo1111 "smol<e" particles esti- 
mated to be less than 20 nm in diameter (16). 
Although the free atoms. especially l a .  can 
be detected (18) .  the condensed particles are 
nor easilj obser\.ed. Presumably. the snlolte 
particles undergo coagulation as the meso- 
spheric air descends follonwl by the upralce 
of sulfuric acid and IT ater in the stratosphere. 
Bv the tillle the material has descended to 40 
l;m. free lnetal atolns are no longer obser\.- 
able ( 1 9 ) .  Lleteoritic smol<e particles are ex- 
pected to be \ ery l~omogeneous in composi- 
tion ( 16 j. and coagulation should f~n-ther ho- 
mogenize them. Our spectra of stratospheric 
aerosols are consistent \vith a very homoge- 
neous material. For example, ''IcI<'"e ra- 

tios in the spectra of stratospheric aerosols 
had a standard del-iation of 50% of the mean 
ratio. This is as constant as the peak ratios n e 
obtained Conl laborato~y salt aerosols that 
\T ere nominally identical from one particle to 
the next. 

Mercury 
Su111risingl;;. many high a l t i t~~de  particles 
contained mercury. As shown in Fig. 4C. 
lnercurq- can be identified unambiguously 
from its isotopic pattenl. Aerosols colltaining 
mercur> \vere nlost co~nnlon just abol e the 
tropopause (Fig. 7 ) .  4Iercury n a s  presznt in 
snlall anlounts in about half of these pa~ficles. 
Over 704'0 of the spectra collected during one 
flight leg near the tropopause south from 
Houston to 10's contained mercury. Because 
the mercury peaks were oAen near the detec- 
tion limit. an w e n  larger fraction of particles 
may have contained mercury. In contrast to 
these results, no merculy Tvas detected in 01 er 
1600 positi1.e-ion spectra talcen wit11 PXLLlS 
at a relnote conrinelltal surface site and a 
remote marine surface site (Idaho Hill. Col- 
orado, and Cape Grim. Tasmania). The Hg- 
signal was positively correlated with the par- 
ticle size estimated from the scattered light. 
al t l~ough cor~.elarions invo11-ing peaks so 

Fig. 4. Several common A I I I I I I I I I I 

types of posltlve ~ o n  0 8 -  Is 5 E ~ e  19980507 ~ 6 5 2 6  _ 
spectra In the strato- z 

E sphere The most com- ; - 
mon type conta~ned 
Iron, magnesldm, and F 
other metals as wel l  as 4 -  so- 
sulfate (A) About half 'i; 

54 
FeOH- 

of the stratospher~c 1 0 2 -  
spectra had a large Fe HS03 ' 
peak Between 20 and o 0 -  
40% of the spectra ob- 0 10 20 30 40 50 60 70 80 90 100 
tained more than 2 km 
above the tropopause 
showed l i t t le  Fe, Hg, K, z 0,3 
or other metals (B). g 
Some organic material 5 
and NO was almost & 0.2 
always present. Some 
particles contained mer- B 
cury (C), usually w i th  a 3 0.1 

distinctive pattern of 
other peaks including a 
large C peak and a O.O 

peak a t  m/z = 127 that  0 10 20 30 40 50 60 70 80 90 100 

is presumed t o  be I-. C 
The inset in (C) shows 
an expanded p lot  of the E 
data along w i th  the nat- 1.0 

ural isotopes of H g  con- 2 0.8 
voluted w i th  the resolu- G 
t ion of the mass spec- 0.6 

trometer. These spectra g 0.4 
were obtained wi th in 0,2 
minutes of each other in 
an otherwise fairly ho- 0.0 
mogeneous air mass at 0 20 40 60 80 100 120 140 160 180 200 
19 km, 31.5"N, and a Ion masslcharge 

potential temperature 
of about 440 K. 

near the detection linlit lllust be treated 
it11 caution. 

Mercury and some ilnpol-tallt mercury 
co~npounds are semi\olatile (20).  Because of 
its long atnlospheric lifetime, condensation 
onto aerosols is thought to be an important 
sink for atnlospheric mercury even though 
only about 1 4'0 of atmospheric mercury at low 
altitudes is in aerosols (-71). The strong gra- 
dient in aerosol nlercury at the tropopause 
could be a result of the conversion of nlercury 
to less lolatile forms in the stratosphere. It 
ca~nlot be attributed to silnple condensation. 
as the \.apor pressure of mercury at 190 K is 
about 3 x 1 0-' mbar (23) ,  approximately 100 
times the partial pressure expected if there 
m-ere 2 parts per trillion (ppt) by mass of 
atonlic mercury in the gas phase (21, 24)  at 
the tropopause. Xtolnic lnercury reacts slo\\-- 
15 with 0; to foml HgO (-74). which has a low 
enough lapor pressure to co~ldense at con- 
centrations of parts per trilliolls (-70). 4Iore 
work is required to establish whether the 
reaction with O j  can accoLillt quantitatively 
for the yadient of particulate Hg abo1.e the 
tropopause. Other possible explanatio~ls for 
the gradient above the tropopause are that the 
change in 01 era11 aerosol conlposition 
could change the ionization efficiency of 
colldensed mercury or that condensed mer- 
cury could be present at the tropopause but 
on aerosol particles too s~na l l  for PXLLlS 
to detect. Slllall aerosol particles (<200 nn1 
across. that is below our detection limit) are 
especially abulldant near the tropical tropo- 
pause ( 2 5 )  and coagulate in the lower 
stratosphere. 

The expected collcelltration of merculy in 
aerosols abo\ e the tropopause can be estimat- 

" ~ e '  (percent of ions) 

Fig. 5. Frequency of iron in positive ion spectra. 
The leftmost bin includes spectra wi th no iron 
signal. A mass t o  charge ratio of 56 was nearly 
unique for iron, as could be verified wi th mea- 
surements of 54Fe-. Stratospheric data were de- 
fined as those at potential temperatures greater 
than 410 K and tropospheric data as potential 
temperatures less than 380 K and at least 600 m 
below the tropopause measured by the MTP. 
Aerosols that contain iron were more frequent in 
the stratosphere than in the upper troposphere. 
There were insufficient data in the troposphere t o  
separate the histograms by latitude. 
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ed as O.lO/o by mass in that there is approxi- 
mately 2 ppt by mass of conde~lsible mercury 
and approximately 2 ppb by mass of aerosol 

in a fen- particles in the stratosphere. nhere it 
is thought to come from 1-olcanic material 
( 2 i ' j ,  

able for heterogeneous processes in the 
stratosphere is sensitive to the presence of 
lneteoritic nuclei. 

measured just above the tropopause ( 1 1 ) .  La- 
ser ionization mass spectrometers are rela- 

h~leasurements of stratospheric aerosols 
may pro\-ide useful co~lstraillts on estimates Discussion 

tively insensitive to mercury (26). in part 
because of its high ionizatioll potential (10.4 
eV). The Hg ion signal shown in Fig. 7 is thus 
larger than expected. Calibratiolls for laser 
ionization of mercury at 193 11111 are needed 

The observatio~~ that organics call contribute 
more Inass than sulfate to aerosols in portions 

of the illflux of lneteoritic ~naterial  into the 
earth's atmosphere. which range from 2 to 
o \ e r  30 Gg y r p l  ( 1 7 ,  3 3 ) .  For comparison. 
a source of 330 to 700 G y r p l  of conden- 
sible nlaterial appears necessary to main- 
tain the stratospheric aerosol layer ( 3 4 ) .  If 
\ve assume that the residence tiines in the 
stratosphere for meteoritic material and sul- 
furic acid are siinilar then the stratospheric 
aerosol layer \T-ould be expected to be 0.3 to 

of the upper troposphere is sig~lificant both 
for the mass balance of aerosols in the tropo- 
sphere and for the optical and cloud nucle- 

to better constrain the concentration of mer- 
culy in aerosols. 

ation propelties of aerosols. There are felv 
data on organic aerosols in the free tropo- 
sphere. Our data are collsistellt ~vi th  those of 
Kovaltov et (11. ( 2 8 ) .  who found that organics 
contributed a majority of the aerosol mass at 
2. to 3 km oyer the North Atlantic. Orgallics 
are lilcely to be impoitallt for the optical 
propelties of upper tropospheric aerosols. 
Satellite setriel als that treat aerosols only as 
sulfuric acid or ammonium sulfate may not 

Aerosol Diversity 
Besldes solne of the Illore colnlnoll types of 
pa~ticles presented in Figs. 2 and 3. there 
mere probably 01-er a hundred less coinl~~ol l  
~ p e s  of particles; two of which are s l ~ o \ v ~ ~  in 
Fig. 8. The presence of meteoritic material. 
mercury, organics, and a wide variety of un- 

9O.6 meteoritic Inaterial by mass. This range 
could be narrowed either with calibratiolls 
of PALMS data or with data from other 
techniques. Indeed. the upper l i~ni t  of 30 
Gg yr is already difficult to reco~lcile 

usual particles means that many elements are 
present in aerosol particles (Fig. 9).  The most 

give adequate results. 
The collce~ltratio~l of meteoritic material 

with coi~strai~lts  posed by electron micros- 
copy of stratospheric aerosols collected on 
iinpactors ( 7 ) .  

Our data might be used to track the 
origins of stratospheric aerosol particles. 

co lnn~o~ l  mass pealts n ere sulfates. orpanics. 
and KOp,  and thus H. C, 0 .  N, and S were 
found in almost every particle. The elements 
Na. hfg. XI. K. Ca. Cr. Fe. and Ni Kere 
commonly measured with the meteoritic ma- 

in stratospheric aerosols is too low to 
change the refractive index significantly. 
but meteoritic material may be iinportallt 
for optical properties if it absorbs light at 
certain ma\-elellgths. Also, lneteoritic ma- 

Besides the winter poles. aerosol particles 
are also produced in large llumbers at the 

terial. Halogens were found in many particles 
in the upper troposphere (Fig. 2B). and also 
in some stratospheric aerosols. At least 45 
elements were found in aerosol particles 
above 5 klil. Of these. about 35 elemellts 

terial could possibly affect the nucleation 
of stratosvheric aerosols. Recent n,ork has 

tropical tropopause ( 2 5 ) .  If there is mete- 
oritic material in the aarticles formed dur- 

shonn  that a large fraction of air descend- 
ing from the mesosphere into the strato- 
s ~ h e r e  is collcentrated in the winter polar 

ing descent from high altitudes and mercu- 
ry ill ma11y of tlle particles formed near the 
tropopause, then the fractions of aerosols 

were found in the stratosphere. 
X few of the rarer elements merit special 

comments. Boron mas obser~.ed in about 19.0 

regions ( 2 9 ) .  where large numbers of aero- 
sols less than 0.1 pn in diameter 11a\,e been 
observed ( 3 0 ) .  Our data suggest that many 
of these particles may colltaill rnzteoritic 
material. Although Zhao et (11. ( 3 1 )  con- 

with various compositions could provide 
direct tests of stratospheric transport. Me- 
teoritic material arld mercury were almost 

of the spectra and was obselved at all alti- 
tudes and latitudes. Its sources and aerosol 

always oil separate particles. but a f e ~ v  
particles contained both. The frequency of 

chemist~y are not well knon.11. Barium u as 
present in a high fraction of pa~ticles during a 
fen. short stretches of flight just below the 
tropopause. mostly south of Houston. Palti- 
cles containing rubidium almost al~vays had a 
much larger potassiu~n peak. Lead was sig- 
nificantly more common than the other hea\ y 

cluded that there would be large numbers of 
aerosols in the polar stratosphere n it11 or 

such lnixed particles might pro\~ide a test of 
the rate of coagulatioll of aerosols in the 

n-ithout lneteoritic input. a coagulation 
model applied to aircraft exhaust found that 
stratospheric size distributions can be sen- 
sitive to the initial nuclei ( 3 2 ) .  One must 
aslc if the size distribution of sulfuric acid 

stratosphere. The observation that some 
particles coiltaill neither meteoritic material 

metals besides mercury. Bismuth \vas present aerosols and hence the surface area a\all-  

ratios f rom meteoritic sources (74, - - - ' I ' I 

15) and K INa mole ratios for sur- 2 0,2 
I I I I 

- - -  17to 19 km 
I I - 5 to 12.5 km 

face sources (39). Our mass spec- 2 I , .  I 

Fig. 6. The 39K/23Na lot- ratlo ob- u! 1 1 , I  I , , I  

served ~n aerosol part~cles that  Meteor~tc mole ratlo Asan dust at Mauna Loa 

0.00 0.05 0.10 0 15 0.20 
Hg based on mass 202 (percent of ions) 

also conta~ned lron for t w o  d~ f fe r -  
ent a l t~ tude  ranges Most o f  the 

Fig. 7. The vertical profile of the percentage o f  
mercury ions as derived f rom 202Hg, the most  
abundant isotope. This peak is nearly unique for 
mercury in the spectra of aerosol particles. Each 
point is the average of the percentages in about 
600 spectra. Altitudes are referenced t o  the 
tropopause alt i tude determined by the micro- 
wave temperature profiles. Data f rom 25"N t o  
28"N are excluded because of frequent double 
or ambiguous tropopauses. 
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nor mercury (Fig. 4B) leaves open the pos- 
sibility of a third region of new particle 
formation in the stratosphere. The chemical 
composition of aerosols in the stratosphere 
and troposphere seem to be sufficiently 
distinct so that the exchange of aerosols 
could be tracked. For example, we ob- 
served a few particles with an unequivocal 
meteoritic and sulfate signal in the tropo- 
sphere. Such particles most likely originat- 
ed in the stratosphere. Further flight data 
may help assess whether stratospheric aero- 
sols can indirectly affect the climate by 
sewing as nuclei for cirrus clouds. 

The observation of mercury at altitudes up 
to 19 km provides a dramatic example of how 
emissions from the surface can reach remote 
portions of the atmosphere. It also provides 
strong support for the estimates of a long 
lifetime for gaseous mercury in the atmo- 
sphere (20). 

Finally, unusual particles could have an 

Fig. 8. Two examples 
of unusual particles. 
The inset in (B) shows 
an expanded plot of 
the data along with 
the natural isotopes 
of Ba convoluted with 
the resolution of the 
mass spectrometer. 

importance far beyond their numbers. Both 
cirrus clouds and polar stratospheric clouds 
often nucleate on only a fraction of a per- 
cent of the available aerosols. Recent re- 
search has found that ice nuclei and cirrus 
crystal residues at 9 to 11 krn altitude have 
very different compositions than the major- 
ity of particles (35). Our data indicate that 
ice and cloud nuclei could come from an 
extremely diverse set of particles. Although 
unablated meteoritic material is not suitable 
as nuclei for nitric acid hydrates (36), some 
types of rare particles could conceivably 
provide freezing nuclei for polar strato- 
spheric clouds. If nitric acid hydrates freeze 
only on a few nuclei, then those particles 
may grow larger and sediment out to deni- 
trify the lower polar stratosphere. 

Our data have thus provided a hint of how 
tropospheric aerosols may affect the strato- 
sphere, but data are limited within 10" lati- 
tude of the equator, where most of the tropo- 

Fig. 9. Elements observed in aerosol 
particles at altitudes above 5 km. Fre- 
quencies are approximate because of 
differing ionization efficiencies. Ele- 
ments with a distinctive signature of 
isotopes are also more likely to  be un- 
ambiguously observed than those with 
only one isotope. Certain elements are 
likely to  be undercounted because of 
spectral interferences. For example, the 
main isotopes of Si and Ti can be ob- 
scured by CO and SO, respectively. 

spheric air enters the stratosphere. Also, data 
from the Southern Hemispheres are needed to 
explore why there is more aerosol mass in the 
Northern Hemisphere upper troposphere (37) 
and the global influence of anthropogenic 
aerosols in the atmosphere. 
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Structure of a Covalently 
Trapped Catalytic Complex of 
HIV-1 Reverse Transcriptase: 

Implications for Drug Resistance 
Huifang Huang," Rajiv Chopra," Gregory L. Verdine,i 

Stephen C. Harrison: 

A combinatorial disulfide cross-linking strategy was used to prepare a stalled 
complex of human immunodeficiency virus-type 1 (HIV-1) reverse transcrip- 
tase with a DNA temp1ate:primer and a deoxynucleoside triphosphate (dNTP), 
and the crystal structure of the complex was determined at a resolution of 3.2 
angstroms. The presence of a dideoxynucleotide at the 3'-primer terminus 
allows capture of a state in which the substrates are poised for attack on the 
dNTP. Conformational changes that accompany formation of the catalytic 
complex produce distinct clusters of the residues that are altered in viruses 
resistant to nucleoside analog drugs. The positioning of these residues in the 
neighborhood of the dNTP helps to resolve some long-standing puzzles about 
the molecular basis of resistance. The resistance mutations are likely to influ- 
ence binding or reactivity of the inhibitors, relative to normal dNTPs, and the 
clustering of the mutations correlates with the chemical structure of the drug. 

The reverse transcriptase (RT) of HIV-1 is an 
important target of antiviral therapy in the 
treatment of acquired immunodeficiency syn- 
droille (AIDS) ( I ) .  RT has two distinct 
enzymatic activities, an Rx4-  or DNA- 
dependent DNA polymerase and a ribonu- 
clease (RNase) H, but current a, uents are 
directed only against the polymerase. Five 
of the seven inhibitors currently licensed in 
the United States are chain-tei~ninating nu- 

cleoside analogs [for example, 3'-azido-2',3'- 
dideoxy~hymidine (AZT), 2',3'-dideoxyinosine 
(ddI), and 2'-deoxy-3'-thiacytidine (3TC)l. The 
other two inhibitors are members of a chemi- 
cally diverse group of nonnucleoside RT inhib- 
itors (NNRTIs). 

HIV-1 RT is a dirner of two related 
chains, a 66-kD subunit (p66) and a 51-kD 
subunit (p5 1 )  derived from p66 by proteolytic 
cleavage (2). The two chains have in common 
four domains [referred to as "fingers," 

H, Huang and C ,  [, "erdine are in the  Department of "palm," "thumb." and "connection" (311, and 
Chemistry and Chemical Biologv, Harvard University, p66 also has a COOH-te17ninal RNase H. The 
cambridge, M A  02138,  USA.-k. Chopra and S. C. p66 subunit has both the polymerase and - .  
Harrison are a t  the  Howard Hughes Medical Institute R~~~~ H active sites, ~h~ palm contains 
and Department o f  Molecular and Cellular Biology, 
Harvard University, Cambridge, MA 02138, USA, idues critical for polymerase catalytic activi- 

ty. and its folded structure resembles that of a 
*These authors contributed equally t o  this work.  

whom corresDondence should be addressed, E- co~~esponding catalytic domain in other D N 4  
mail: verdine@glviris.harvard.edu and schadmine  and R x A  polymerases. 
crystal.harvard.edu Erllergence of resistance in patients treat- 

ed with RT inhibitors is a major limitation of 
antiviral therapy (4, 5). All NNRTIs bind 
near the polymerase active site, in a hydro- 
phobic pocket created by displacement of the 
polypeptide segment connecting palm and 
thumb. Viral n~utations conferring resistance 
to these drugs can be understood readily in 
terms of alterations in their common binding 
site. In contrast, the positions of altered res- 
idues in vinises resistant to ilucleoside ana- 
logs do not follow so clear a pattern (5) .  Lack 
of a structure for a catalytic complex of RT 
with temp1ate:primer and dXTP substrates 
has hindered understanding how site-specific 
changes confer resistance to particular drugs. 

Previously determined RT structures in- 
clude a number of NNRTI complexes and the 
unliganded enzyme (3, 6-10). The only pub- 
lished structure of RT with a bound template: 
primer is an RT temp1ate:primer Fab terna- 
ry complex (6), which shows that the primer 
terminus lies near three catalytically essential 
aspartic acid residues in the palm and that the 
duplex extends along the enzyme surface to- 
ward the RNase H. The position of fingers 
and thumb define a deep cleft, with the poly- 
merase active site at its base. This feature. 
also present in crystals of RT with bound 
NNRTIs, has led to a model in \i~hich the 5' 
extension of the template passes through the 
cleft. lnteractlng ~~71th res~dues in the fingers 
and palm that are mutated in drug-resistant 
strains (3, 6). Other DNA polymerases con- 
tain a similar cleft, but recent structures of 
catalytic complexes show that it closes down 
when substrates bind and that it does not 
serve as a channel for polynucleotide chams 
(11, 12) 

LVe hake dekised a way of ~so la t~ng  
stalled, covalently tethered complexes of RT 
\i.~th template primer, and \iTe hale crystal- 
lized one such species In the complex de- 
scribed here at 3.2 A resolution. the orimer 
tei-nlinus is a dideoxynucleotide and thus un- 
able to attack an incoming dXTP. The cry-stal 
of this catalytic complex contains bound 
dTTP in precisely the expected position for 
attack by the (missing) 3' OH. The fingers 
domain bends, relative to other RT structures. 
so that various residues near the fingertips 
form part of the dXTP-binding site. This 
confonnational adjustment defines the com- 
plete catalytic site and leads to a revised 
interpretation of the mechanism by which 
various mutations confer resistance to nucle- 
oside analog drugs. 

Trapping of a Catalytic HIV-1 RT- 
Substrate Complex 
The difficulty in obtaining good crystals of an 
RT temp1ate:primer dNTP complex stems 
from RT's relatively modest specificity in 
binding to polymerizable versus nonpolymer- 
izable sites in DNA. even in the presence of 
a dNTP. To overcome this problem, we chose 
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