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Historical trend in probability of warm, dry, and warm+dry conditions
NOAA observations (1931-2015)
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Fig. 1. Histarical chang,

and Jolnt

(A 10 € Change in wasm year probabilty, dry year probability, and

year
Joint probability, calculated as the trend over the period {1931-2015) using Sen’s slope estimator times the length of the period. Maps show results for the 50th percentile
of the Bayesian sampaling, Dark gray Indicaties no changs in the lcation parameter through tme (56 Materlals and Mathods]. 1D to F) Global average of the wamm year

probability, dry year probability, and joint probability

across the grid points i

Ocaanic and. AR

The bold line shows the posterior mean, and the color envelope shows the 2.5th 1o 97.5%h percentile range [see Materials and Methods). (G 1o 1) Global average of the
warm year probability, dry year probability, and joint probability aggregated across the grid points in the Historical and Matural forcing experiments of the CMIPS
global climate model ensemble. The bold line shows the ensemble-mean posterior mean, and the color envelope shows the ensemble-mean 2.5th to 97.5th percentile

range {se¢ Materials and Methodsl.

around 20% (relative to a given area’s 19611990 mean) h
the Natural ensemble, with the 2.5th ta 97.5th pereentile confidence
intervals of the Historical and Natural ensembles remaining com-

P ilities are generally d withs the largest increases in
wearm year probabilities, although the lack of data in the tropics
llkelyllmlla thc num'ber of grid points that exhibit increases in both

pletely separated after - 1970. There is thus high statistical
that the observed increase in warm year probability would not have
occurred without anthropogenic forcing.

In contrast, the probability of dry years has remained ~50% at
the global scale throughout the observational period (relative to the
1961-1990 baseline; Fig. 1E), with areas of the tropics and subtropics
exhibiting increases and much of the extratropics exhibiting decreases
or no change (Fig. 1B). Although both the observations and the
Historical climate model ensemble exhibit slight indications of a
decrease in dry year probability in the late 20th and early 215t
centuries, the 2.5th to 97.5th percentile confidence intervals of the

istarical and Natural overlap ially throughout
the historical period (Fig. LH).

Deespite the spatial heterogeneity of trends in dry year probability
(Fig, 1B), the increasing trends in warm year probability (Fig. 14)
lead 1o broad increases in the probability of years that are both warm
and dry (“warmdry"; Fig. 1C). At the global scale, the aggregated
warm+dry probabilities are similar to what would be expected from
the product of the two univariate probabilities (Fig, 1. D and E), with
global warm-+dry probability equaling -20% in the mid-20th century
and ~40% in the early 215t century (relative 1o the 1961-1990 base-
line; Fig. 1F). At the regional scale, the largest increases in warm+dry

¥ The most p exception to the general
increase in warm+dry pwbah!hty is the well-documented “warm-
ing hole” over the central and southeastern United States, where the
wearm, dry, and warm+dry probabilities all exhibit decreasing trends
over the 1931-2015 period (Fig. 1C).

The increase in global warm-+dry probability would be expected
1o increase the odds that different regions experience warm+dry
years simultaneously. Given the negative impacts of co-oceurring
warm+dry conditions on agricultural yields (21) and the importance
of co-vccurring yield shocks for regional and global agricultural
markets [e.g.. (3-5)], we quantify the joint probability of warm-+dry
conditions in pairs of global crap and pasture regions (see Materials
and Methads). We find that these regions have become substantially
mare likely to experience warm+dry anomalies in the same year
aver the historical period (Fig, 2),

Previous work shows that the occurrence of extreme years—and
especially extremely warm years—is particularly important for the
valatility of agricultural yields and hence prices [e.g., (5, 22)]). We
therefore analyze the joint probability of progressively larger climate
anomalies. Like the co-occurrence of years that are warmer and drier
than the historical mean {Fig. 2), we find that the joint probability
of simultaneous occurrence of these more extreme combinations of

4 Wi

o

8LOZ 62

centered 7-mer ces fros d LoB scores are
equal to the raw signal from e vt K. OB, s vl et
an entire 7-mer sequence, ¢.g., consider PER2 K798 (RKLKSKR). The
score for this sequence is assigned by the arginine in the P-3 posi-
tion, as this set has the lowest signal in this sequence (fig. S1, Eand F).
The LoB score was purposely designed to minimize false positives
and contains no positional weighting common to other motif scoring
functions (27, 28).

A candidate list of six proteins (PER2, PRDM11, CDCSL, GDAP1,
ZPK, and ATP6V1G3) from the top 50 LoB-scored sequences (table
$2) was selected for in vitro validation as SMYD2 substrates. All six
proteins were methylated by SMYD2 (Fig. 5A and fig. S5A). ZPK and
GDAP1 were poor SMYD2 substrates (fig. S5A). Available structural
data for ZPK showed that the target lysine is in a structured helix
that likely prohibited methylation by SMYD2 (fig. S5B), but no struc-
tural data were available to rationalize why GDAP1 is not a more
robust SMYD2 substrate. To determine whether the lysine predicted
by the K-OPL screen was methylated, we generated protein sub-
strates with the target lysine substituted to arginine (K to R). All K to

1 0.50 055 060 065 R mutant substrates had reduced methylation (Fig. 5A and fig, S5A).

1iroot mean square displacement For CDCSL, ATP6V1G3, and PER2, lheklcRmulalmnMnolgom

o £ pletely abolish methylati ggesting that | residues are
. - RKLKSKR (PER2) - also being methylated. C tent with rate for the

= area = Rxomeskk  MAPKAPK3 K355 peptide (Fig. 2F), methylation of full-length re-

k4 - muwmw' 2" RO combinant MAPKAPK3 was weaker than most of the newly identi-

T EEE)
[swoatrate], yM

Fig. 4. Structural and kinetic analysis of SMYD2. (A) Hybeid ribbon-surface rep
resentation of SMYD2 (white) bound to SAM and GWKLNIeSKRG (Nie, nordeucine)
(blue sticks). Costructure has been deposited in the Protein Data Bank (PDE) as
PDB: 6MON, (B) Overlay of peptide substrates from SMYD2-GWKLNIeSKRG (PD8:
GMON) and SMYD2-pS3K370 (PDB: 3TGS) structures. (€) Scatterplot comparing
the relationship between the methylation rate calculated from Fig. 2F and the
dynamics of substrate coordination by SMYD2. Root mean square displace-

% 4 4 3 2
Loglantagoniat) ¥

ment (RMSD) of the Ca atoms of 50003
vhol MO Peptide t several time poi the
course of the hown,

color scale (top left. (D) Kinetic analysis of SMYD2 methylation of ps3, PER2, and PER2

derivative substrates. Data points are the mean of three independent measurements,

and error s presented as 4SEM. PER2 and WKLKSKR were it to.a substrate inhibition

Kinetic model.OKLKSKR and SHLKSKK were it 13 standard Michaels-Menten (MM)

model. (€) IC5o (median of Nie peptide in-

Nibitors of SMIYD2 using PER2 as a substrate. Data points ace the mean of thiee
and error ed

Nle derivatives were less effective, as predicted by K-OPL analysis.
However, although RKLKEKR and RKDKSKR were equally poor
SMYD2 substrates (Fig. 2F), RKLNIeEKR was a more efficient com-
petitive inhibitor than RKDNIeSKR (Fig. 4E). This result was con-
sistent with the MD simulation that showed that RKLKEKR formed a
more stable complex with SMYD2 (Fig. 4C). Overall, these results
suggest that optimal substrates identified by K-OPL screens can serve
as scaffolds for further optimization toward more potent inhibitors.

Using K-OPL to identify new SMYD2 substrates
To identify new KMT substrates, we developed a lowest bin (LoB)
scoring function based on K-OPL selectivity profiles to rank lysine-

fied SMYD2 substrates (Fig. 5A), requiring a much longer exposure
to detect methylation of this protein (fig, S5A).

Overall, SMYD2 methylated four of the newly identified substrates
(PER2, PRDM11, CDCSL, and ATP6V1G3) at least as efficiently as
the known substrate, p53. These results validate the use of K-OPL
selectivity profiles to identify new KMT substrates.

K-OPL analysis predicts the impact of missense mutations
on substrate usage

Missense mutations have been shown to alter kinase signaling net-
works, including mutations that cause amino acid substitutions in prox-
imity to the modified residuc (29). We sought to determine whether
K-OPL selectivity profiles could predict the impact of missense mu-
tations on a KMT substrate at the protein level. Guided by the SMYD2
K-OPL profile, we generated a PRDM11 mutant (K89D), predicted
to render this robust SMYD2 substrate deficient. In an in vitro KMT
assay, PRDM11 K89D methyl. was reduced pared to the
wild-type PRDM11 (Fig. 5B). In addition, mutations predicted to en-
hance methylation of the weak SMYD2 substrate MAPKAPK3 (D353R
and T356S) improved methylation of this protein (Fig, 5B). These
results show that K-OPL-derived selectivity profiles accurately predict
how single amino acid changes near the target lysine can significantly
affect the efficiency of a KMT substrate at the protein level.

‘We next turned our attention to predicting how reported missense
mutations in primary human cancer sequencing datasets might re-
wire lysine methylation signaling networks because of substitutions
within SMYD2 substrate motifs. To do so, we catalogued and analyzed
K-centric 7-mer amino acid sequences on a proteome-wide scale.
Comparison of the LoB scores for SMYD2 targets in the normal pro-
teome (UniProt) with the oncoproteome (COSMIC) (30) resulted
in the identification of four classes of missense mutations that may
affect SMYD2 lysine mclhyhunn signaling. The four classes include

that (i) weakened, (ii) hened, (iii) created, or (iv)
had no effect on a target of nwlh)'hlmn (Fig. 5C and table $3), These
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