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Abstract

The magnitude and direction of carbon cycle feedbacks under climate warming remain uncertain
due to insufficient knowledge about the temperature sensitivities of soil microbial processes.
Enzymatic rates could increase at higher temperatures, but this response could change over time
if soil microbes adapt to warming. We used the Arrhenius relationship, biochemical transition
state theory, and thermal physiology theory to predict the responses of extracellular enzyme
Vmax and Km to temperature. Based on these concepts, we hypothesized that Vmax and Km
would correlate positively with each other and show positive temperature sensitivities. For
enzymes from warmer environments, we expected to find lower Vmax, Km, and Km temperature
sensitivity but higher Vmax temperature sensitivity. We tested these hypotheses with isolates of
the filamentous fungus Neurospora discreta collected from around the globe and with
decomposing leaf litter from a warming experiment in Alaskan boreal forest. For Neurospora
extracellular enzymes, Vmax Qo ranged from 1.48 to 2.25, and Km Q¢ ranged from 0.71 to
2.80. In agreement with theory, Vmax and Km were positively correlated for some enzymes, and
Vmax declined under experimental warming in Alaskan litter. However, the temperature
sensitivities of Vmax and Km did not vary as expected with warming. We also found no
relationship between temperature sensitivity of Vmax or Km and mean annual temperature of the
isolation site for Neurospora strains. Declining Vmax in the Alaskan warming treatment implies
a short-term negative feedback to climate change, but the Neurospora results suggest that
climate-driven changes in plant inputs and soil properties are important controls on enzyme
kinetics in the long term. Our empirical data on enzyme Vmax, Km, and temperature sensitivities
should be useful for parameterizing existing biogeochemical models, but they reveal a need to

develop new theory on thermal adaptation mechanisms.



53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

Introduction

By 2100, human-caused emissions of greenhouse gases are expected to warm the planet by 3-
5°C with larger increases over the land surface (IPCC, 2013). This warming will influence
biological processes and ecosystems, potentially leading to feedbacks that mitigate or exacerbate
greenhouse gas levels and the ultimate magnitude of planetary warming. Given that soils contain
around three times as much carbon as the atmosphere (Jobbagy & Jackson, 2000), feedbacks
involving soil carbon are particularly important for future climate projections. Yet these
feedbacks are poorly resolved and remain difficult to predict (Todd-Brown ef al., 2014).

Losses of soil carbon under warming are a major source of uncertainty in climate
feedbacks (Carey et al., 2016; Crowther et al., 2016). Although many processes contribute to
these losses, microbially-driven decomposition of soil organic matter is expected to increase with
warming due to the positive temperature sensitivity of most biochemical reactions (Davidson &
Janssens, 2006). In particular, the degradation of complex organic molecules depends on
microbial extracellular enzymes with temperature-sensitive kinetic properties (Wallenstein et al.,
2011; Steinweg et al., 2012). For example, glycoside hydrolases such as a-glucosidase, /-
glucosidase, cellobiohydrolase, and f-xylosidase degrade starch, cellulose, and hemicellulose
(Burns et al., 2013). Other enzymes such as N-acetyl-glucosaminidase, leucine-aminopeptidase,
and phosphatase target organic forms of nitrogen and phosphorus, while oxidative enzymes
degrade aromatic polymers (Sinsabaugh, 1994, 2010).

Although enzyme kinetics have long been studied by biochemists in the laboratory
(Somero, 1978), the temperature sensitivity of soil enzymes remains unclear. Changes in
temperature may affect the kinetic properties of individual enzymes, the expression of isozymes

with different kinetic properties by specific organisms, and the relative abundances of microbes
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expressing different enzymes (Davidson & Janssens, 2006; Bradford, 2013). Any combination of
these factors may influence observed kinetic properties and their temperature sensitivities within
a given environment and in response to temperature change.

There is a rich theoretical literature on the kinetics and thermodynamics of enzyme-
catalyzed reactions. Many enzymes are assumed to follow Michaelis-Menten kinetics that
describe the reaction velocity (V):

V = Vmax[S]/(Km + [S]) [eq. 1]

where Vmax is the maximum reaction velocity, [S] is substrate concentration, and Km is the
half-saturation constant (i.e. substrate concentration at which V is one-half Vmax). Note that Km
appears in the denominator of the Michaelis-Menten equation, so increases in Km lead to lower
reaction velocities. For purified enzymes, Vmax is proportional to ke.*[E] where ke is the
catalytic turnover rate (number of substrate molecules converted to product per enzyme per unit
time), and [E] is the enzyme concentration. In enzyme mixtures, such as soils or culture fluid,
measured Vmax and Km depend on the proportions of individual enzymes with different kinetic
properties (Wallenstein et al., 2011).

Transition state theory provides a framework for predicting how Vmax and Km respond
to warming (Fig. 1). According to this theory, enzyme catalysis requires enzyme-substrate
binding, formation of an enzyme-substrate activated complex, and product formation and
dissociation. Each step involves a change in Gibbs free energy:

AGgs = AHgs - TASgs for substrate binding [eq. 2]
and

AG* = AH* - TAS?* for formation of the activated complex [eq. 3]
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where AH is the change in enthalpy (heat of reaction), AS is the change in entropy (a metric of
disorder), and T is temperature. In a typical enzymatic reaction (Fig. 1), AGgs is negative and
AG* is positive.

Vmax and ke, are governed by formation of the activated complex and depend on
temperature through the Arrhenius relationship (Davidson & Janssens, 2006):
keat = A*exp(-Ea/RT) [eq. 4]
where A is a pre-exponential factor, Ea is activation energy, and R is the ideal gas constant.
Arrhenius and transition state theory are related because Ea = AH* + RT, and AS* influences the
pre-exponential factor (see Lonhienne et al. (2000) for details). Reaction rates increase as Ea
declines or as temperature increases due to an increasing fraction of reactants with sufficient
energy to form an activated complex.

With long-term warming, as expected under climate change, Vmax and its temperature
sensitivity could shift due to mechanisms of thermal adaptation (Bradford, 2013). Cold-adapted
enzymes are thought to be optimized through reductions in AH* that reduce Ea (Lonhienne et al.,
2000; Georlette et al., 2004; Siddiqui & Cavicchioli, 2006). However, at higher temperatures,
selection to minimize Ea declines because enzymes and substrates have higher kinetic energy. If
Ea increases under long-term warming, so should Vmax temperature sensitivity in accordance
with the Arrhenius relationship. Still, this mechanism is not widely recognized, as some recent
studies have hypothesized the opposite pattern—Ilower Vmax temperature sensitivity in warmer
environments (Wallenstein et al., 2009; Brzostek & Finzi, 2012; Nottingham et al., 2016).

For Km, transition state theory dictates that the temperature response depends on the
energetics of enzyme-substrate binding. Binding affinity (1/Km) is dependent on the free energy

change upon binding, AGgs (Tsuruta & Aizono, 2003):
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1/Km = exp(-AGgs /RT) [eq. 5]

where AGgs = AHgs — TASgs (eq. 2). Therefore, affinity increases with greater enthalpy release
(more negative AHgs) and greater entropy upon substrate binding (more positive ASgs).
Rearranging the equation yields

Km = exp(AHgs /RT — ASgs/R) [eq. 6]

A negative AHgs in eq. 6 dictates that Km increases with increasing T. In contrast, Km should
decrease with warming if AHgs is positive because the term AHgs /RT will decline as T increases
(Siddiqui & Cavicchioli, 2006). Note that substrate binding is still thermodynamically favorable
with a positive AHgs if increases in entropy counteract the enthalpy term (Snider ef al., 2000;
Tsuruta & Aizono, 2003; Siddiqui & Cavicchioli, 2006).

Recently, macromolecular rate theory (MMRT) has been proposed to account for
empirical evidence that enzyme catalytic rates do not follow the Arrhenius relationship with
increasing temperature (Hobbs et al., 2013; Schipper et al., 2014; Alster et al., 2016). MMRT
posits that Ea is not constant as assumed under Arrhenius theory but varies with increasing
temperature due to changes in enzyme heat capacity. Although MMRT offers promise as a more
mechanistic explanation of enzyme temperature sensitivity, the theory has not yet been applied to
questions regarding Km or thermal adaptation of Vmax and Km.

The goal of this study was to determine the temperature sensitivities of Vmax and Km
and whether these sensitivities shift with long-term warming. Temperature sensitivity is defined
here as the slope of the relationship between the log(Vmax) or log(Km) value and laboratory
incubation temperature. We hypothesized that 1) temperature sensitivity would be positive for
enzyme Vmax based on Arrhenius theory and positive for Km due to a broader distribution of

enzyme-substrate conformational states at higher temperatures (Hochachka & Somero, 2002;
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Georlette et al., 2004). We also predicted that Vmax would correlate positively with Km if
stronger enzyme-substrate binding increases the activation energy barrier as implied by transition
state theory (Fig. 1). Based on biochemical theory, we hypothesized that 2a) the magnitude of
Vmax at a common temperature would be lower and the temperature sensitivity of Vmax would
be greater for enzymes from warmer environments. For Km, we hypothesized 2b) a lower
magnitude and lower temperature sensitivity of Km for enzymes from warmer environments.
Warm environments should select for enzymes with greater rigidity to enhance substrate binding,
thereby reducing Km at a common temperature and limiting changes in enzyme conformation as
temperature increases (Georlette ef al., 2004; Dong & Somero, 2009).

We tested these hypotheses with individual strains of the filamentous fungus Neurospora
discreta isolated across a gradient of mean annual temperatures and with whole microbial
communities growing on leaf litter in a warming manipulation in boreal Alaska. These two
systems are complementary because the litter communities produce a more complex mixture of
enzymes compared to individual Neurospora strains. Also, the warming experiment captures the
short-term response of communities to warming whereas the Neurospora strains have evolved

under the long-term, integrated effects of different climate conditions.

Materials and methods

Neurospora strains

Neurospora discreta strains from Cote d’Ivoire, Thailand, Switzerland, and Spain were obtained
from the Fungal Genetic Stock Center (Gladieux et al., 2015). Other strains from the United
States were from a culture collection maintained in J. Taylor’s laboratory (Table 1). Neurospora

species occur on all continents, show a complex population structure, and include populations



167  that inhabit the soil and reproduce following fire in temperate and boreal forests (Jacobson et al.,
168 2004).

169

170  Growth conditions

171 Neurospora strains were inoculated from stock cultures onto the center of an agar plate

172 containing Vogel’s minimal medium (VMM). Plates were sealed with Parafilm and incubated for
173 5-7 days at 21°C until fully covered by mycelium. The mycelium was then transferred to a 250
174  ml flask containing 100 ml VMM and incubated at 28°C with shaking at 150 rpm. After 3 days,
175  the medium was centrifuged to separate the mycelium which was then rinsed and resuspended in
176 VMM, homogenized in a blender (4 x 10 sec pulses), and transferred to a flask with 120 ml fresh
177  VMM. This procedure was necessary to reduce aggregation of mycelium that inhibited the

178  growth of some strains. After 4 more days of growth at 28°C and shaking at 150 rpm, the

179  mycelium was separated from the medium by centrifugation, and the supernatant was used in
180  enzyme assays.

181

182  Litter warming experiment

183  We analyzed enzyme parameters in litterbags collected from a soil warming experiment in

184  Alaskan boreal forest near Delta Junction, AK, USA (63°55°N, 145°44°W). The warming

185  experiment began in July 2005 with five 2.5 m x 2.5 m unwarmed control plots paired with five
186  2.5mx 2.5 m warmed plots in a 1 km? area (Allison & Treseder, 2008). Warming was

187  accomplished with closed-top greenhouses. The top panel of each greenhouse was removed in
188  September and replaced in each subsequent May to allow snowfall to reach the plots. Rainfall

189  entered the greenhouses through a system of gutters and tubing. On average, the warming
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treatment increased air temperature by 1.6°C, increased soil temperature by 0.5°C (5 cm depth),
and reduced soil moisture by 22% (0-5 cm depth).

Litterbags containing 2 g senescent black spruce needles were placed in control and
warmed plots on May 22, 2013 (Romero-Olivares ef al., 2017). Each bag was 10 cm x 10 cm
and constructed from a layer of elastic I mm nylon mesh and a layer of 1 mm fiberglass window
screen. Each plot received 5 sets of 2 bags placed on the forest floor. One set of bags was
harvested on July 5, 2013, August 28, 2013, May 29, 2014, September 7, 2014, and July 4, 2015,
and the contents of the 2 bags were combined. Subsamples were removed for determination of
enzyme activity (~0.6 g fresh weight) and dry weight. The enzyme subsamples were stored at -

80°C until analysis.

Enzyme assays

Potential activities of extracellular enzymes were measured according to established fluorimetric
and colorimetric protocols for 96-well microplates (German et al., 2011). For culture assays, 125
ul Neurospora culture supernatant was combined with 125 pl substrate (Table 2) dissolved in 50
mM maleate buffer, pH 6.0. For litter assays, material was homogenized in 50 mM maleate
buffer, pH 6.0, using a hand held Bamix Homogenizer (BioSpec Products, Bartlesville, OK,
USA) at a ratio of ~2.7 mg litter ml™' buffer. This homogenate (125 ul) was combined with 125
pl substrate dissolved in ultrapure water. Substrate solutions were serially diluted by two-fold
from the maximum concentrations shown in Table 2 to create a gradient with eight substrate
concentrations. The OX assay also received 10 ul 0.3% H,0, in all wells with substrate. All
assays included homogenate (or culture) blanks and substrate controls. Fluorimetric assays also

included 7-amino-4-methylcoumarin (AMC) and 4-methyumbelliferone (MUB) standards for
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LAP and the other hydrolytic enzymes, respectively. Fluorescence was measured from 125 ul of
25 uM MUB or AMC with 125 pl water or buffer as the standard or with 125 pul homogenate or
culture supernatant as a quench control.

Assay plates were incubated for 1-5 h (hydrolytic enzymes) or 24 h (oxidases) at 4, 10,
16, 22, 28, and 34°C. Fluorescence was read at 365 nm/450 nm excitation/emission for the
hydrolytic enzymes, and absorbance was read at 410 nm for OX and PPO on a BioTek Synergy
H4 microplate reader (Winooski, VT, USA). Enzyme activities were expressed as nmol h”' ml™
culture supernatant or umol h™' g™ dry litter according to German et al. (2011, 2012) using an

extinction coefficient of 3.9 uM™ for pyrogallol.

Statistical analyses

Enzyme activity data were checked for outliers, and values below detection limits were
converted to 0.0001, thereby removing negative activities from the dataset. Quality-checked
activities were fit to the Michaelis-Menten equation using the non-linear least squares (nls)
function in base R (R Development Core Team, 2011). Vmax and Km parameters were extracted
from the model fit, and parameters from poor fits were discarded.

Extracted parameters were log-transformed and analyzed with linear regression using
incubation temperature as the independent variable. Regression slopes were extracted as a metric
of Vmax or Km temperature sensitivity (TS) in terms of change in log(Vmax) or log(Km) per
°C. These slopes were converted to Qo values using the relationship Qo = exp(10 x slope). For
Neurospora cultures, we also used this approach to analyze the ratio Vmax/Km for each strain
and enzyme. Regression parameters were used to compute enzyme Vmax or Km at 16°C,

hereafter referred to as Vmax or Km for simplicity. We chose 16°C as the common temperature
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at which to compare parameters because it falls within the range of our laboratory assays and
approximates growing season temperatures for many of our strains.

Further analyses were conducted on the enzyme parameters. For the Neurospora cultures,
we tested for significant Spearman correlations between Vmax and Km using the corr.test
function of the psych package in R. We used simple linear regression to test for significant
relationships between strain isolation site mean annual temperature (MAT) and enzyme kinetic
parameters or temperature sensitivities. To account for non-independence among strains isolated
from the same site, we also tested for these relationships after including site as a random effect in
the regression model. For the litter analyses, we tested for the effects of warming treatment and
collection date on log enzyme kinetic parameters and temperature sensitivities using mixed-

model analysis of variance (ANOVA) with block as the random factor.

Results

Neurospora isolate Vmax and Km

Under culture conditions, enzyme kinetic parameters varied substantially across enzymes and
strains (Tables 3-5, Table S1). On average, Vmax at 16°C was greatest for N-acetyl-
glucosaminidase (NAG) at 140.8 nmol h”' ml™" and lowest for the oxidases (<0.16 nmol h™' mI™).
The other Vmax means ranged between 0.37 and 3.25 nmol h™' ml™' (Table 3, Fig. 2a). Average
Km values at 16°C were less than 100 uM for NAG, a-glucosidase (AG), and the oxidases but
ranged up to 850 uM for the other enzymes (Table 4, Fig. 2b). These patterns for Vmax and Km
resulted in a very high mean Vmax/Km of 1.17 for NAG, an intermediate value of 0.032 for AG

and values below 0.004 for the other enzymes (Table 5, Fig. 2¢). Vmax and Km were

11
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significantly positively correlated across strains for f-xylosidase (BX; r = 0.76), total oxidase

(OX; r=0.92), and polyphenol oxidase (PPO; r = 0.94).

Neurospora isolate Vmax and Km temperature sensitivity
As with the kinetic parameters themselves, Vmax TS and Km TS varied across strains and
enzymes (Tables 3-4, S2). On average, all Vmax TS values were positive with Q; ranging from
1.48 (PPO) to 2.25 (NAG). TS values were generally positive except for some strains that
showed negative values for cellobiohydrolase (CBH), leucine aminopeptidase (LAP), and OX
(Fig. 3a).

The results for Km TS were much more variable. Km TS was consistently positive for
NAG with a cross-strain average of Qo of 2.80 (Table 4, Fig. 3b). Most, but not all, strains
showed positive Km TS for AG, acid phosphatase (AP), and the oxidases with average Q1o
ranging from 1.17 to 1.48 (Table 4). Km TS for the carbohydrate-degrading enzymes /-
glucosidase (BG), BX, and CBH varied substantially across strains including both positive and
negative values (Fig. 3b). Only LAP showed a consistently negative Km TS for most strains with
an average Qo of 0.71 (Table 4). The TS of Vmax/Km was generally positive for all enzymes
except NAG, which was consistently negative, and the oxidases which showed low or variable

Vmax/Km TS (Table 5, Fig. 3c).

Enzyme kinetic response to MAT for Neurospora isolates
There were some significant positive relationships between enzyme kinetic parameters and MAT
of the strain isolation site. Vmax showed a positive relationship with MAT for AP, CBH, and

LAP with R? values ranging from 0.13 to 0.33 (Fig. 4). Similar patterns were observed for Km,

12
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with significant positive relationships for LAP (R* = 0.24) and NAG (R = 0.26). When isolation
site was included as a random effect in the regression model, only the CBH Vmax relationship
with MAT remained significant (P = 0.016). We did not find a significant relationship between

MAT and Vmax TS or Km TS for any enzyme.

Litter Vmax and Km under Alaskan warming treatment

Effects of warming on litter enzyme kinetic parameters depended on date and enzyme (Tables 6,
S3). The warming effect on Vmax was negative and significant for all enzymes except CBH, and
there was also an interaction with date for AP, BG, NAG, OX, and PPO (Fig. 5a). For Km, the
warming effect was positive, at least on some dates, for AP, BG, CBH, LAP, and NAG (Fig. 5b).

In contrast, there was a significant negative warming effect on Km for the oxidases.

Litter Vmax and Km temperature sensitivity
On average, Vmax TS was positive for all litter enzymes (Fig. 6a, Table S4). Warming treatment
significantly increased Vmax TS of AP, BG, BX, and NAG, and there was a significant date by
treatment interaction for AG, indicating increased TS under warming on the earlier collection
dates (Table 6). In contrast, warming treatment significantly reduced Vmax TS of LAP.

Km TS varied by enzyme and in some cases warming treatment (Fig. 6b, Table 6). For
AG, Km TS was low in the control plots but increased significantly with warming. In contrast,
Km TS of AP was generally positive in control plots but declined significantly with warming on
some dates. On average, Km TS for BG was close to zero, but there was a significant treatment
by date interaction. BX and CBH values were close to zero and showed no warming effects. Km

TS for LAP was consistently negative and significantly reduced by warming treatment, but for

13
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NAG it was consistently positive with the warming effect dependent on collection date. Km TS

for the oxidases was generally positive but declined significantly with warming for OX.

Discussion

We found that the Vmax values of extracellular enzymes involved in decomposition increased
exponentially with increasing temperature, consistent with Arrhenius theory and a positive
feedback to climate warming (Davidson & Janssens, 2006). Still, the strength of this feedback
could be reduced if enzymes exhibit thermal adaptation such that Ea rises under warming,
thereby reducing absolute Vmax while increasing Vmax TS. Our litter enzyme results provide
support for this thermal adaptation mechanism, as most enzymes showed lower Vmax values and
some showed higher Vmax TS under warming treatment (Fig. 7). In contrast, we did not find
support for thermal adaptation when comparing enzymes from Neurospora strains native to
different thermal environments. These contrasting results suggest that community-level
processes may influence thermal adaptation of Alaskan litter enzymes, whereas Neurospora taxa
were limited in their thermal response due to phylogenetic constraints or ecological factors, such

as changing substrate availability across the MAT gradient.

Vmax-Km relationship

In the Neurospora study, significant positive correlations between Vmax and Km for BX, OX,
and PPO supported predictions from transition state theory (Fig. 1). A deeper free energy well
for enzyme-substrate binding leads to lower Km but also a greater free energy barrier to

overcome during activation of the transition state (Lonhienne et al., 2000; Georlette et al., 2004;
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Siddiqui & Cavicchioli, 2006). This greater Ea barrier results in a slower reaction rate (lower

Vmax), consistent with the relationships we saw.

Temperature sensitivity of enzyme kinetics

The temperature sensitivity of Vmax, represented as Qi values, varied from 1.48 to 2.25 for
Neurospora enzymes, similar to other studies (Koch et al., 2007; Hui et al., 2013; Nottingham e¢
al.,2016). Whereas our Qo values were based on Arrhenius theory, MMRT has been proposed
as a more appropriate framework for analyzing enzyme temperature sensitivity because it does
not assume constant Qo as temperature changes (Schipper et al., 2014). However, our study was
not ideal for testing MMRT because we used a temperature range below the thermal optima of
the enzymes. In addition, thermal adaptation predictions have not yet been developed for
MMRT. Nonetheless, we successfully fit the MMRT equation to obtain thermodynamic
parameters and heat capacities for many of our Neurospora and litter enzymes (Supporting
Information). This analysis showed that most enzyme heat capacities in our study were close to
zero where Arrhenius theory and MMRT yield similar Qo values. Still, if MMRT is developed
further to make predictions about thermal adaptation, our data could be used to test them.

Km TS was positive for some enzymes but close to zero or negative for others in both
experimental systems. Km TS is measured less frequently than Vmax TS in environmental
contexts, but our results are partially consistent with previous studies (German et al., 2012b;
Stone et al., 2012). As in these studies, Km TS was generally lower than Vmax TS; however, the
magnitude of Km TS for Neurospora and Alaskan litter enzymes was lower than in most of the

soils measured previously, including those from our Alaskan field site. NAG was an exception to

15
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this pattern with higher Km TS among Neurospora strains and Alaskan litter compared to soils
from Alaska and several other sites (German et al., 2012b; Stone et al., 2012).

Km TS may be lower than Vmax TS, or even negative, owing to the thermodynamic
processes controlling enzyme-substrate binding (Fig. 1). Our data indicate that enzymes like
NAG and PPO, with strong positive Km TS, have negative AHgg values. These enzymes also
have relatively low Km values, consistent with a dominant role for the enthalpy term in eq. 6.
Based on these results, the temperature sensitivities of Vmax and Km may have consequences
for nitrogen cycling under warming. For NAG, which is involved in chitin degradation, Km TS
was more positive than Vmax TS, such that NAG was the only enzyme with a consistently
negative Vmax/Km TS. In contrast, Vmax/Km TS for LAP was very high due to a negative Km
TS. Because LAP is involved in protein degradation, these results imply that rising temperatures
might favor increased nitrogen cycling from protein sources relative to peptidoglycans,

particularly if substrate concentrations for these enzymes are near Km.

Response to thermal environment

Physiological theory predicts that organisms from cold environments should minimize enzyme
Ea to maximize catalytic rates; conversely warm-adapted enzymes should have higher Ea
(Georlette et al., 2004; Somero, 2004; Siddiqui & Cavicchioli, 2006). Based on the Arrhenius
relationship (eq. 4), warm-adapted enzymes should therefore have higher temperature
sensitivities. Multiple studies suggest that soil enzyme properties respond to thermal
environment (Fenner et al., 2005; Stone et al., 2012), but in contrast to physiological theory,
some studies have found higher Vmax TS in enzymes from cooler environments. For instance, in

some tundra and forest soils, Vmax TS increased during cool seasons (Wallenstein et al., 2009;
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Brzostek & Finzi, 2011), although this pattern reversed for proteolytic activity in a sugar maple
forest (Brzostek & Finzi, 2012). Across an elevation gradient in the Andes, Vmax TS was greater
at higher, cooler elevations for some extracellular enzymes (Nottingham et al., 2016).

Our study lends support for physiological theory under controlled conditions, with
enzymes from the warming experiment, but not across the MAT gradient where we observed
higher Vmax for some Neurospora enzymes from warmer sites (Fig. 4A). We suspect that
factors aside from thermal environment can modulate the enzyme parameters of Neurospora
strains. The ecosystems hosting these strains differed not only in MAT, but also precipitation,
vegetation type, biotic community composition, and soil edaphic characteristics. All these factors
may select on the complement of extracellular enzyme genes present in fungal genomes as well
as the kinetic properties of the expressed enzymes (Riley et al., 2014). As in previous studies
(German et al., 2012b), such differences may have obscured the influence of temperature on the
biochemical properties of individual enzymes or enzyme classes.

In the warming experiment with Alaskan litter, many of these characteristics were better
controlled because we used a paired sampling design. This design may have afforded the power
to detect changes in enzyme Vmax consistent with physiological theory and driven by
community-level processes. A previous study showed that our warming treatment alters fungal
community composition and the genetic capacity to degrade lignin-like compounds, which is
consistent with changes in soil enzyme functioning (McGuire ef al., 2010). It is also possible that
greater late-season drying in the warming treatment affected our enzyme Vmax results (Allison
& Treseder, 2008), but other studies suggest that drying can increase measured Vmax in contrast

to the pattern we observed (Alster ef al., 2013).
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Trends in Vmax TS differed across our two study systems. Again, under the better-
controlled conditions of the warming experiment, we found some support for the physiological
prediction that warmer environments allow for relatively higher Ea and therefore higher
temperature sensitivity. Yet in our Neurospora study, there were no relationships between Vmax
TS and strain origin MAT. These results align with observations from Elias et al. (2014), who
found no differences in Q;p among enzymes from psychrophiles versus thermophiles. Likewise,
no relationship between MAT and Vmax TS was found in a previous cross-latitudinal study with
five enzymes (German et al., 2012b). As a whole, these findings challenge classic physiological
theory and suggest a need to further develop MMRT (Schipper et al., 2014) or theory on enzyme
rigidity (Elias ef al., 2014) to address enzyme thermal adaptation at the global scale.

Based on biochemical and physiological theory, we predicted that Km and Km TS should
be lower in warmer environments. We found little support for this theory—Km and Km TS both
varied inconsistently with thermal environment in the Neurospora and Alaskan litter studies
(Figs. 4B, 5B, 6B). Although Km TS of soil B-glucosidase was previously found to decline with
increasing MAT, no relationship was observed for four other enzymes (German et al., 2012b).
Taken together, these results suggest that there may be biochemical limits to the thermal
adaptation of Km, or that adaptation is difficult to observe in mixtures of enzymes influenced by
confounding ecological factors.

Predictions of carbon-climate feedbacks require data on enzymatic rate changes under a
warmer climate (Wieder ef al., 2013). Overall, the results from our Alaskan warming study
suggest a negative feedback, as litter communities showed lower enzyme Vmax under warming
treatment (Fig. 7). This result is consistent with physiological theory and with reduced soil

respiration and increased surface soil carbon pools observed in the warming treatment (Allison &
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Treseder, 2008; Crowther et al., 2016). Our results also suggest that thermal adaptation
responses may be weaker or more difficult to observe across broad climate gradients. Even
though the Neurospora strains evolved under very different MAT, there was little evidence for
thermal adaptation of Neurospora enzymes. Temperature may be a weak selective force on
enzyme properties compared to other edaphic and ecological factors that vary across broad
climate gradients.

Regarding temperature sensitivity, our study identifies a need for new theory
development. Existing physiological theory could not account for observed variation in Vmax or
Km temperature sensitivities across thermal environments, especially in our Neurospora study.
In general, the response was weaker than expected, suggesting that most enzymes will maintain
their temperature sensitivities under a warmer climate. Even if the mechanisms and underlying
theory are unclear at this point, this empirical result is important for parameterizing trait-based
models that require Vmax, Km, and temperature sensitivity data on microbial enzymes (Allison,
2012; Kaiser et al., 2014). For example, our findings suggest that the relative cycling of different
nutrient forms, particularly proteins versus peptidoglycans, may change due to differential
kinetic responses to temperature across enzyme classes. Altogether, our study provides enzyme
data and theoretical insight that should help improve predictions of soil biogeochemical

feedbacks under climate change (Wang et al., 2013; Wieder et al., 2013, 2014).
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573

Table 1. Neurospora strain isolation sites and site characteristics. Mean annual temperature
(MAT) and mean annual precipitation (MAP) over the period 1981-2010 were obtained from
PRISM (http://www.prism.oregonstate.edu/) for sites inside the continental United States. MAT
and MAP for other sites were obtained with Climate Reanalyzer (http://cci-reanalyzer.org),
Climate Change Institute, University of Maine, USA, using the University of Delaware Air

Temperature and Precipitation dataset.

ID Genotype Site Latitude Longitude MAT MAP

FGSC Neurospora discreta Wells, Nevada 41.11 -114.96 7.1 259

8565 from the USA

FGSC Neurospora discreta Cobalt, Idaho 45.00 -114.30 41 470

8567 from the USA

FGSC Neurospora discreta Perma-2, 47.35 -114.59 7.1 495

8572 from the USA Montana

FGSC Neurospora discreta Weaverville, 40.73 -122.94 124 950

8991 from USA W963 California

FGSC Neurospora discreta Chelan Lake, 47.86 -120.12 9.9 276

8994 from USA W1070 WA

FGSC Neurospora discreta Pakchong-2, 14.70 101.42 251 1171

9957 from Thailand P3004 Thailand

FGSC Neurospora discreta Fougbesso, Ivory 7.59 -5.56 264 1061

9967 from Ivory Coast P3650 Coast

FGSC Neurospora discreta Tok, Alaska 63.33 -142.99 -44 256

9979 from USA W854

FGSC Neurospora discreta Pecos, New 35.57 -105.66 9.4 439

9983 from USA W745 Mexico

FGSC Neurospora discreta Leuk, 46.32 7.63 04 798

9992 from Switzerland W- Switzerland
1303

MMI10  Neurospora discreta Fairbanks, AK 64.83 -147.72 -19 276
from USA

MM2 Neurospora discreta Fairbanks, AK 64.83 -147.72 -19 276
from USA

MM20  Neurospora discreta Fairbanks, AK 64.83 -147.72 -19 276
from USA

MM23  Neurospora discreta Fairbanks, AK 64.83 -147.72 -19 276
from USA

MM26  Neurospora discreta Fairbanks, AK 64.83 -147.72 -19 276

from USA
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574

575

MM30

MM31

MM6

W1099

WI1101

W1103

WI1111

W1289

W792

W793

W794

W795

Neurospora discreta
from USA

Neurospora discreta
from USA

Neurospora discreta
from USA

Neurospora discreta
from USA

Neurospora discreta
from USA

Neurospora discreta
from USA

Neurospora discreta
from USA

Neurospora discreta
from Spain

Neurospora discreta
from USA

Neurospora discreta
from USA

Neurospora discreta
from USA

Neurospora discreta
from USA

Fairbanks, AK
Fairbanks, AK
Fairbanks, AK
Morgan Hill, CA
Morgan Hill, CA
Morgan Hill, CA
Morgan Hill, CA
Macanet de la
Selva, Spain
Bernalillo, NM
Bernalillo, NM

Bernalillo, NM

Bernalillo, NM

64.83

64.83

64.83

37.11

37.11

37.11

37.11

41.78

353

353

353

353

-147.72

-147.72

-147.72

-121.65

-121.65

-121.65

-121.65

2.73

-106.55

-106.55

-106.55

-106.55

-1.9

-1.9

-1.9

15.7

15.7

15.7

15.7

13.7

13.0

13.0

13.0

13.0

276

276

276

560

560

560

560

701

268

268

268

268
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Table 2. Enzymes and substrates analyzed in the current study.

Synthetic substrate and maximum

Enzyme and abbreviation Substrate target concentration (UM)

o-glucosidase AG  Starch degradation 4-MUB-a-D- 1000
products glucopyranoside

Acid phosphatase AP Organic phosphorus 4-MUB Phosphate 4000

S-glucosidase BG  Cellulose degradation 4-MUB-4-D- 2000
products glucopyranoside

[-xylosidase BX  Hemicellulose 4-MUB-f-D-xylopyranoside 2000
degradation products

Cellobiohydrolase CBH Cellulose degradation 4-MUB-f-D-cellobioside 1000
products

Leucine- LAP  Polypeptides L-leucine-7-amido-4- 1000

aminopeptidase methylcoumarin

hydrochloride

N-acetyl-f-D- NAG Chitin degradation 4-MUB-N-acetyl-f-D- 2000

glucosaminidase products glucosaminide

Total oxidase OX  Lignin and phenolics  Pyrogallol + H,0, 1000

Polyphenol oxidase PPO  Lignin and phenolics  Pyrogallol 1000
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579  Table 3. Neurospora cross-strain average Vmax parameters (computed at 16°C) and temperature
580  sensitivities (TS). SEM = standard error of the mean.
Log(Vmax) SEM Vmax (nmol h”' ml") Vmax TS (°C") SEM Qg

AG 0.90 0.26 2.47 0.0576 0.0029 1.78
AP 1.18 0.19 3.25 0.0759 0.0044 2.14
BG -0.47 0.25 0.62 0.0468 0.0045 1.60
BX -0.74 0.30 0.48 0.0771 0.0090 2.16
CBH -0.56  0.27 0.57 0.0621 0.0078 1.86
LAP -1.00 0.21 0.37 0.0521 0.0122 1.68
NAG 495 0.17 140.75 0.0813 0.0044 2.25
0X -1.81 0.50 0.16 0.0502 0.0138 1.65
PPO -2.18  0.46 0.11 0.0391 0.0078 1.48
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583  Table 4. Neurospora cross-strain average Km parameters (computed at 16°C) and temperature
584  sensitivities (TS). SEM = standard error of the mean.
Log(Km) SEM Km (uM) KmTS(C" SEM Qi

AG 4.35 0.090 77.4 0.0185 0.0023 1.20
AP 6.74 0.140 847.8 0.0156 0.0038 1.17
BG 521 0.266 184.0 -0.0076  0.0081 0.93
BX 6.61 0.282 746.0 0.0272 0.0127 1.31
CBH 5.57 0.189 261.4 -0.0061 0.0117 0.94
LAP 5.58 0.188 264.5 -0.0338 0.0068 0.71
NAG 4.79 0.209 119.8 0.1031 0.0050 2.80
0X 4.54 0.408 93.5 0.0274 0.0206 1.31
PPO 4.01 0.354 55.1 0.0393 0.0123 1.48
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587  Table 5. Neurospora cross-strain average Vmax/Km parameters (computed at 16°C) and
588  temperature sensitivities (TS). SEM = standard error of the mean.
Log(Vmax/Km) SEM Vmax/Km Vmax/KmTS (°C") SEM Qo

AG -3.44 0.30 0.03205 0.0385 0.0029 1.47
AP -5.54 0.21 0.00392 0.0582 0.0024 1.79
BG -5.67 0.34 0.00343 0.0531 0.0072 1.70
BX -7.18 0.18 0.00076 0.0447 0.0061 1.56
CBH -591 0.31 0.00271 0.0743 0.0082 2.10
LAP -6.58 0.27 0.00139 0.0856 0.0091 2.35
NAG 0.16 0.24 1.17491 -0.0219 0.0017 0.80
0X -6.32 0.21 0.00179 0.0247 0.0118 1.28
PPO -5.92 0.14 0.00268 0.0012 0.0062 1.01
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591  Table 6. p-values from mixed model analyses of variance on log(Vmax), log(Km), and Vmax
592  and Km temperature sensitivities (TS). Significant values are shown in bold text.
Vmax Km VmaxTS KmTS
AG  Warming <0.001 0.713 0.047  0.045
Date 0.362  0.093 0.042 0.146
WarmxDate  0.590  0.663 0.002 0.117

AP Warming <0.001 0.019 0.012 <0.001
Date 0.001 0.088 0.063  0.230
WarmxDate <0.001  0.066 0.399  0.034

BG  Warming <0.001 <0.001 0.013 0.141
Date <0.001 <0.001 0.002 0.113
WarmxDate <0.001 <0.001 0.226  0.003

BX  Warming <0.001 0.646 <0.001  0.687
Date 0.007  0.900 0.354  0.362
WarmxDate  0.509  0.083 0.123  0.103

CBH Warming 0.061 <0.001 0.177  0.290
Date 0.003 <0.001 0.349 0318
WarmxDate  0.976  0.071 0.443  0.651

LAP Warming <0.001 0.004 0.006 <0.001
Date 0.015 <0.001 0.070  0.029
WarmxDate  0.332  0.385 0.068  0.548

NAG Warming <0.001 <0.001 <0.001  0.609
Date 0.406 <0.001 <0.001  0.026
WarmxDate  0.002 <0.001 0.126  0.006

OX  Warming <0.001 <0.001 0.379  0.006
Date 0.067  0.005 0.004 <0.001
WarmxDate <0.001  0.079 0.076  0.549

PPO Warming <0.001 <0.001 0.276  0.566
Date 0.003 0.331 0.841 0313
WarmxDate  0.011  0.112 0.975 0.734
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Figure captions

Fig. 1. Conceptual diagram of thermodynamic changes during an enzyme-catalyzed reaction.
Enzyme (E) binds to substrate (S) to form a complex (ES) with binding energy AGgs. Formation
of an activated complex (ES*) requires a change in free energy AG* prior to product (P)
formation. More negative values for AGgs result in stronger substrate binding (lower Km) but
can also increase AG*, thereby reducing Vmax. More negative AGgs can occur via greater release
of enthalpy (more negative AHgg) or greater increase in entropy (more positive ASgs) upon

substrate binding.

Fig. 2. Heatmaps of (a) log(Vmax), (b) log(Km), and (c) log(Vmax/Km) for individual strains of

Neurospora computed at 16°C. Gray boxes are missing data.
Fig. 3. Heatmaps of temperature sensitivities for (a) Vmax (b) Km, and (¢) Vmax/Km for
individual strains of Neurospora. Red values are positive, blue values are negative, and gray

values are missing.

Fig. 4. (a) log(Vmax) and (b) log(Km) versus strain mean annual temperature (MAT) for each

extracellular enzyme. Significant simple linear regressions are shown.

Fig. 5. (a) log(Vmax) and (b) log(Km) over time for litter extracellular enzymes in the Alaskan

boreal soil warming experiment. Points represent means + standard error of the mean.
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Fig. 6. Temperature sensitivities of (a) Vmax and (b) Km over time for litter extracellular
enzymes in the Alaskan boreal soil warming experiment. Dashed lines represent zero

temperature sensitivity. Points represent means + standard error of the mean.

Fig. 7. Hypothesized changes in enzyme log(Km), log(Vmax), and activation energy (Ea) under
thermal adaptation to cold versus warm environments. Temperature ranges indicate laboratory
assay conditions. Empirical agreement with the hypotheses is indicated for the Neurospora

versus litter studies in the last two columns.
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(a) Vmax temperature sensitivity (b) Km temperature sensitivity (c) Vmax/Km temperature sensitivity
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