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Enhanced Role of Transition Metal
Ion Catalysis During In-Cloud
Oxidation of SO2
Eliza Harris,1*† Bärbel Sinha,1,2* Dominik van Pinxteren,3 Andreas Tilgner,3

Khanneh Wadinga Fomba,3 Johannes Schneider,1 Anja Roth,1 Thomas Gnauk,3

Benjamin Fahlbusch,3 Stephan Mertes,3 Taehyoung Lee,4 Jeffrey Collett,4 Stephen Foley,5‡
Stephan Borrmann,1,6 Peter Hoppe,1 Hartmut Herrmann3

Global sulfate production plays a key role in aerosol radiative forcing; more than half of this
production occurs in clouds. We found that sulfur dioxide oxidation catalyzed by natural transition
metal ions is the dominant in-cloud oxidation pathway. The pathway was observed to occur
primarily on coarse mineral dust, so the sulfate produced will have a short lifetime and little direct
or indirect climatic effect. Taking this into account will lead to large changes in estimates of the
magnitude and spatial distribution of aerosol forcing. Therefore, this oxidation pathway—which
is currently included in only one of the 12 major global climate models—will have a significant
impact on assessments of current and future climate.

The size distribution and properties of at-
mospheric aerosol particles play a key role
in the climate system by affecting how

aerosols scatter radiation and modify the bright-
ness and lifetime of clouds (1, 2). The magni-
tude of aerosol radiative forcing is the largest
uncertainty in current climate assessments (3).
Processing of particles in clouds changes both
their size and hygroscopicity, and is therefore
critical in determining the magnitude of aerosol
radiative forcing. Sulfate addition to particles,
through both in situ oxidation of SO2 and direct
uptake of H2SO4 gas and ultrafine particulate
by cloud droplets, is the most important in-cloud
mass production mechanism (4, 5) (table S1).
A detailed understanding of the in-cloud sulfur
cycle is therefore critical for accurate estimation
of the current and future sulfate distribution and
its impact on the climate through aerosol radia-
tive forcing (6). The Hill Cap Cloud Thuringia
(HCCT-2010) campaign, a Lagrange-type ex-
periment with measurement sites located upwind
and downwind of an orographic cloud as well as
within the cloud, enabled investigation of changes
in the physicochemical properties of an air mass
as it underwent cloud processing. Sulfur isotope
abundances were measured in gas-phase SO2

and particulate sulfate during three cloud events:
FCE 7.1, 11.2, and 11.3 (described in text S1 and
table S2).

The effect of cloud processing on the particle
population and themagnitude of aerosol radiative
forcing critically depends on the pathway respon-
sible (e.g., in situ oxidation, H2SO4 condensation)
for in-cloud sulfate production. Generally, H2O2

is consumed early in a cloud’s lifetime; thus, most
of the sulfate produced from aqueous SO2 oxi-
dation by H2O2 is added to the most cloud con-
densation nuclei (CCN)–active particles (7), where
it has a negligible effect on downwind CCN num-
ber concentration and aerosol radiative forcing.
Oxidation by O3 in cloud droplets is very slow
at low pH (<5.5) and represents only a small pro-
portion of global in-cloud SO2 oxidation (8, 9).
The climatic effect of sulfate produced from tran-
sition metal ion (TMI)–catalyzed oxidation de-
pends on the source of the TMIs: Sulfate produced
from oxidation catalyzed by TMIs in fine par-
ticles can greatly alter downwind CCN properties
and radiative forcing, whereas sulfate produced
by TMIs in coarse particles will result in aweaker
radiative forcing. Understanding and accurately
modeling partitioning between the major oxida-
tion pathways is critical to predict the magnitude
and spatial distribution of sulfate aerosol cooling
in assessments of future climate.

H2O2 is thought to be the major in-cloud SO2

oxidant (5, 10, 11): Four of the 12 models used
in the IPCC Fourth Assessment Report and/or

the AeroCom global intercomparison exercise
consider H2O2 to be the only aqueous-phase
oxidant for SO2 (table S1). Models including
only H2O2 and O3 as in-cloud oxidants attrib-
ute 64 to 83% of global sulfate production to
aqueous-phase chemistry and 17 to 36% to gas-
phase oxidation. They underpredict the observed
sulfate concentration by ∼20% and overestimate
SO2 concentrations by ∼50%, which suggests
that a major oxidation pathway is missing or
underestimated (12–16). The rate of the TMI-
catalyzed oxidation of SO2 by oxygen is poorly
characterized because of the complex interac-
tions among different TMIs (17, 18). ∆17O re-
sults (19) showed that the contribution of TMI
catalysis to sulfate production was strongly un-
derestimated. However, the inclusion of SO2 ox-
idation catalyzed by anthropogenic TMIs into the
modeled sulfur cycle (GEOS-Chem) has not been
able to resolve the discrepancy between modeled
and measured SO2 and sulfate concentrations
(20): SO2 concentrations in the global EMEP
domain are overestimated by a factor of 1.8 to
2.7 and sulfate concentrations by a factor of 1.5
to 3.7 for simulations including TMI chemistry;
for simulations without TMI chemistry, these same
concentrations are overestimated by a factor of
1.9 to 3.0 and by a factor of 0.8, respectively.

Stable sulfur isotopes show distinctive frac-
tionation during chemical reactions and are there-
fore useful for investigating the in-cloud sulfur
cycle. Oxidation by H2O2 and O3 produces sulfate
that is enriched in 34S [+15.1 to +19.9 per mil (‰)
depending on pH] relative to the reactant SO2,
whereas oxidation by TMI catalysis produces
sulfate depleted in 34S (–9.5 T 3.1‰) relative to SO2

(21–23). The change in isotopic composition of
SO2 gas between the upwind and downwind
stations was used to calculate the fractionation
factor for the cloud, acloud (text S2 and table S3),
which was compared with fractionation factors
for known reactions to determine the dominant
SO2 oxidation pathway occurring in the cloud
(Table 1). The acloud values clearly show that
H2O2 or O3 dominates in-cloud oxidation only
during the first nighttime event; during the sec-
ond nighttime and the daytime event, TMI ca-
talysis is the dominant oxidation pathway. The
cloud water pH values were low (fig. S2); thus,
oxidation shown isotopically to be due to H2O2

or O3 will be dominated by H2O2 and is here-
after referred to as oxidation by H2O2. Both the
TMI and H2O2 concentrations in cloud water at
HCCTwerewithin normal ranges during all three
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Table 1. Dominant in-cloud SO2 oxidation pathway determined from the fractionation of sulfur
isotopes. Official event names are shown in brackets. acloud is the fractionation factor for SO2 removal in
the cloud. Oxidant refers to the oxidation reaction that agrees with the observed in-cloud isotope
fractionation; aox is the corresponding known, laboratory-derived fractionation factor (21).

Event LWC (g m−3) acloud (‰) Oxidant aox (‰)

Night 1 (FCE 7.1) 0.14 11.6 T 9.8 H2O2 15.1 T 1.3
Night 2 (FCE 11.2) 0.37 −16.1 T 9.5 TMI catalysis −9.5 T 3.1
Day (FCE 11.3) 0.32 −10.8 T 4.9 TMI catalysis −9.5 T 3.1
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events (7, 24–27) (table S2 and figs. S2 and S3).
The dominance of TMI-catalyzed oxidation could
therefore be a widespread phenomenon, as sug-
gested previously (19, 20).

Isotopic analysis of single particles, in com-
bination with isotopic measurements of gas-phase
sulfur, allowed the major sulfate addition path-
ways to be resolved for particle class (text S2 and
tables S4 and S5). The major sulfate sources to
particles are summarized in Fig. 1. Sulfate from
H2O2 oxidation and direct uptake of H2SO4 gas
and ultrafine particulate are the two dominant
sources of sulfate for activated mixed particles
(containing a mixture of secondary organic ae-
rosol (SOA) and secondary inorganic aerosol
(SIA; Fig. 2, A and B) and activated fine-mode
mineral dust particulate. The oxidation source
is more important for larger particles (>600
nm; text S1), whereas direct uptake dominates
sulfate addition to smaller particles (<600 nm).

The distinctive fractionation during TMI-
catalyzed oxidation showed that it was the dom-
inant sulfate source only for coarse mineral dust
(Fig. 2, E and F, >900 nm). Mineral dust rep-
resented <1% of the CCN number concentration
(table S7); thus, oxidation in cloud droplets nu-
cleated on mineral dust must be extremely fast

to compete with other oxidation pathways and
dominate SO2 removal. Previous results have sug-
gested that anthropogenic TMIs are an important
catalyst for SO2 oxidation in Europe, whereas the
low solubility of natural TMIs means that they
will be unimportant as catalysts (20). Our results
show, however, that natural TMIs catalyzed the
dominant oxidation pathway. A recent laboratory
study showed that significant amounts of TMIs
are leached from natural dust and can rapidly ox-
idize SO2 in the aqueous phase (22). The solu-
bility of TMIs in dust may be increased through
aging and uptake of acidic compounds such as
sulfuric and nitric acid. Anthropogenic TMIs are
expected to be concentrated on fine-mode com-
bustion particles, whereas natural TMIs lead to
sulfate production in the coarse mode; thus, the
radiative forcing potential of the sulfate produced
from TMI-catalyzed oxidation by natural TMIs
will be much lower than that of sulfate produced
by anthropogenic TMIs.

Conditions during the three events were ex-
amined to explain why H2O2 was the dominant
oxidant only during the first nighttime event. The
only major difference among the three events
is the liquid water content (LWC) (0.14, 0.37,
and 0.32 g m−3 during the first and second

nighttime events and the daytime event, respec-
tively; see text S2 and table S2). The total con-
centration of TMIs was similar in all three events;
however, differences in the TMI profiles for the
three events (fig. S3) suggest that during the first
nighttime event, coarse mineral dust was not the
major source of TMIs to the cloud water, allow-
ing H2O2 oxidation to dominate. Particle size
distributions and other results confirm that coarse
mineral dust was present in the particle popula-
tion during the first nighttime event but was un-
able to activate (text S2 and fig. S4). Our results
show that although TMIs are present at HCCT
from both anthropogenic and natural sources,
the natural mix of TMIs leads to stronger syn-
ergistic interactions and faster SO2 oxidation, and
therefore dominates in situ sulfate production.

Comparing the isotopic observations with
theoretical calculations for in-cloud SO2 oxida-
tion during HCCT confirms that the rate of TMI
catalysis used in current models results in a strong
underestimation of the pathway’s importance (text
S2). A reaction rate constant for TMI-catalyzed
oxidation of S(IV) that considers synergistic ef-
fects of different TMIs is available only for the
most widely studied system of Fe(III) andMn(II)
(28). Estimations using this rate constant (fig. S5A)

Fig. 1. Summary of the sulfur cycle occurring in clouds
during three measurement periods of the HCCT-2010
campaign. (A and B) The first and second nighttime
events, FCE 7.1 and FCE 11.2; (C) the daytime event, FCE
11.3. Processes occurring only on particles that activated
to form cloud droplets are shown on the “activated” side
of the dashed lines. The proportion of activated particles in
each class was determined from NanoSIMS (nano–secondary
ion mass spectrometry) isotopic mass balance, under the
assumption that the droplet residue and interstitial dust
remix to form the downwind dust sample (see also table S7).
The thickness of the arrow qualitatively represents the rel-
ative strength of the flux.
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attribute only a few percent of sulfate production
to the TMI catalysis pathway. The results of the-
oretical calculations considering possible inter-
actions of the whole range of measured soluble

TMIs (fig. S5B) showmuch better agreement with
the isotopic measurements.

Because the total TMI concentrations are sim-
ilar for all three events, the different oxidation

regimes indicated by the S-isotopemeasurements
show that not all metals are equally active in cat-
alyzing oxidation. For example, FCE 7.1 had
relatively high Ni2+, Zn2+, and Cu2+ concentra-
tions but displayed low TMI-catalyzed oxidation,
which suggests that these metals are less active in
oxidation, in agreement with laboratory studies
(29, 30). Ti is a strong SO2 oxidant on dust sur-
faces and could play an important role in catalytic
activity. Observations indicate that Ti is leached
from natural dust with an efficiency equal to that
of Fe (22). The Ti/Fe ratio in upwind particles
was higher in FCE 11.2 and 11.3 (average Ti/Fe
of 0.05 and 0.03, respectively, versus an average
of 0.02 for FCE 7.1). It is possible that the higher
Ti/Fe ratio plays a role in the very high reaction
rate for TMI-catalyzed oxidation during FCE
11.2 and 11.3.

Reactive uptake coefficients (gobs) for oxi-
dation of SO2 by TMI catalysis (text S2 and
table S9) can be compared with the sulfur cycle
in current models to provide an estimate of how
strongly the pathway is underestimated on a glob-
al scale. The values of gobs for mineral dust dur-
ing FCE 11.2 and 11.3 (gobs = 0.03 to 0.10) are
several orders of magnitude higher than the g
value of 10−4 used for oxidation of SO2 on the sur-
face of mineral dust in the ECHAM-HAMMOZ
model (31). OsloCTM2was the onlymodel found
that explicitly includes the TMI catalysis pathway

Fig. 2. Characteristic particle types collected
during the HCCT-2010 campaign. Images are
scanning electron micrographs of filter samples.
(A) Accumulation-mode mixed SOA-SIA droplet.
(B) Coarse-mode mixed SOA-SIA droplet. (C and
D) Soot particles, without (C) and with (D) organic
coating. (E and F) Mineral dust particles, without
(E) and with (F) organic coating. SOA particles and
organic coatings appear dark gray, filter pores appear
black, and filter material appears gray. Scale bars,
200 nm [(A), (C), (D)], 1000 nm [(B), (E), (F)].

Fig. 3. Changes in our understand-
ing of sulfate production and the
global sulfur cycle following this
study. Partitioning from previous re-
sults (purple) are averages from the

models in table S1. Red plus and minus symbols show how the current study changes our under-
standing of the sulfur cycle; the number and size of plus and minus symbols represent the expected
magnitude of the change and our confidence in it, respectively.
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(14); however, the defined maximum modeled
rate of 5.56 × 10−6 s−1 is slower than observed
duringHCCT by one to two orders of magnitude.
On the basis of∆17O results, Alexander et al. (20)
predicted that TMI catalysis contributes 9 to 17%
of global sulfate production. Comparison of frac-
tionation factors with previously measured d34S
values of SO2 and sulfate (text S2 and table S10)
enables us to predict that the contribution of TMI
catalysis to sulfate production varies between
1% (urban) and 58% (rural) at continental sites;
it is likely to dominate SO2 oxidation in all clouds
with sufficient supersaturation to activate min-
eral dust (as summarized in Fig. 3). The results
of Alexander et al. (20) and Sofen et al. (32) sug-
gest that increasing TMI-catalyzed oxidation pri-
marily reduces estimated oxidation by the other
aqueous pathways and has little effect on the pro-
portion of SO2 oxidized in the gas phase, whereas
Goto et al. (6) found that treatment of aqueous-
phase sulfur chemistry in models had the largest
impact on sulfate distribution of the parameters
tested.

Characterizing the rate of TMI catalysis and
including it in models will improve agreement be-
tween modeled and observed SO2 concentra-
tions. The inclusion of the TMI catalysis pathway
into GEOS-Chem (20) showed the potential im-
portance of TMI-catalyzed oxidation attributed
to anthropogenic TMIs; however, comparisons
of models and observations showed a strong
overestimation of both SO2 and sulfate con-
centrations (12–16). Our observations showed
that sulfate produced by TMI catalysis is domi-
nated by natural TMIs and concentrated on coarse
mineral dust. It will be removed from the at-
mosphere relatively quickly, improving agree-
ment between models and observations; it will
also result in a minimal modification of the aero-
sol size distribution and reduced estimates of
indirect and direct forcing associated with sulfate
from in-cloud oxidation. The estimated level of
sulfate aerosol coolingwill therefore bemuch lower
andwill show a strongly altered spatial distribution,
which will have important consequences for
assessments of anthropogenic climate change
(1). The sulfate produced will also acidify the
dust, with important consequences for iron sol-
ubility and bioavailability (33). In the coming dec-
ades, SO2 emissions are expected to increase in
India and China (34). Windblown dust emissions
in both these countries are high; thus, future aerosol
cooling may be strongly overpredicted by current
climate chemistrymodels. The results fromHCCT
provide a size- and particle type–dependent view of
in-cloud oxidation that will improve agreement
between models and observations and will affect
predictions of radiative forcing associated with
sulfate in future decades.
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Networks of bZIP Protein-Protein
Interactions Diversified Over
a Billion Years of Evolution
Aaron W. Reinke, Jiyeon Baek, Orr Ashenberg, Amy E. Keating*

Differences in biomolecular sequence and function underlie dramatic ranges of appearance and
behavior among species. We studied the basic region-leucine zipper (bZIP) transcription factors and
quantified bZIP dimerization networks for five metazoan and two single-cell species, measuring
interactions in vitro for 2891 protein pairs. Metazoans have a higher proportion of heteromeric
bZIP interactions and more network complexity than the single-cell species. The metazoan bZIP
interactomes have broadly similar structures, but there has been extensive rewiring of connections
compared to the last common ancestor, and each species network is highly distinct. Many metazoan
bZIP orthologs and paralogs have strikingly different interaction specificities, and some differences
arise from minor sequence changes. Our data show that a shifting landscape of biochemical
functions related to signaling and gene expression contributes to species diversity.

Differences in transcriptional regulation
between species contribute to develop-
mental and functional outcomes (1). Both

changes in cis regulatory elements and coding
mutations in transcription factors affecting protein-
DNA and protein-protein interactions can influence
gene regulation (2–5). The basic leucine-zipper

(bZIP) proteins, a large class of multifunctional
transcription factors, provide an opportunity to
study the evolution of biomolecular interactions.
bZIPs can be identified in eukaryotic genomes
by a basic DNA binding region followed by a
leucine-zipper coiled-coil motif. bZIP proteins can
form homodimers and heterodimers via the coiled-
coil region, and the dimer that forms influences
the DNA sites that can be bound (6). Because
bZIP proteins interact with other bZIPs, it is pos-
sible to compile a comprehensive list of candidate

Massachusetts Institute of Technology, Department of Biology,
Cambridge, MA 02139, USA.
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