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Calculations for the Expanded Rayleigh model

To apply the Expanded Rayleigh model, additional values (**NP“% and t) must be calculated from
experimental values. If necessary, § values (5°N®, §15N°, and §'°NP) must be converted to the corresponding R
values (Eg. (6)). N and 1SNk can then be calculated using N®¥ and Rpuk (NP“k = 2*[mol N20]).

nbulk

1".{1;Nbulk N (Sl)

""" 1+Rpuik

Nbulk = R, ox LN Dulk (S2)

Equations S1 and S2 are derived from the definition of R (R = ®N/**N, Eq. (5)) and the fact that SNPulk + 14Nbulk =
Nbuik Similar equations can be used to calculate N¢ and SN

a «Nbulk
uye = L 05N (S3)
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The values of *N* and N can then be used to calculate T for every step of the reaction (t = “*N%“Nbvk Eq. (24)).

Standard error calculations for the Expanded Rayleigh model

To calculate the standard error for KIE *N¢ or KIE NP, the standard errors for p, T, and an-suk Need to be
determined (see Table S15). The standard error for p (se,) was extracted from nonlinear model 1 or nonlinear model
2 (Baty et al., 2015). For 1, the standard error of the mean (se.) was calculated in R using the std.error function (Lemon,

2006). The standard error for an-buik (S€an-bulk) can be determined by propagating the standard error for en.buik (S€en-

bulk):
__ EN-bulk
AN-butk = 500 T 1 (S5)
_ dan-puik
S€aN—-bulk = —dSN ulk * S€eN—-bulk (S6)

Equation (S6) simplifies to Eq. (S7),

_ S€eN-bulk
S€an-bulk = " 500 (S7)

where seqn-puik is the standard error of the slope of a linear regression plot of §°N° against [-fInf/(1-f)].
The standard error for an-, is calculated by combining the standard errors for p, 1, and an-bui (€.9., €rror

propagation for Eq. (21)):

Sean—a = \/(aa;; “xse,)? + (aaN % x se;)? + (%l;ik Can_pun)’ (S8)
Replacing the partial derivatives in Eq. (S8) yields Eq. (S9)

Seav-a = (UL 5,)? + (LU L0 )2 4 B ey, (9)
Similarly, the standard error for an-p is calculated by performing error propagation for Eq. (22):

Sean_pg = \/(""‘6’2 £ysey)? + ( Lk se)? + (aaN L Seay_pu)? (S10)
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Replacing the partial derivatives in Eq. (S10) produces Eq. (S11):

_ AN—bulk (A-p)*an—buik 1-p
Sean—p = \/(—T: *se,)* + (u——r)zu * se;)? + G+ Sean pu)’ (S11)

The standard error values for an-, and an-g can then be converted to the corresponding errors for € (Eq. (S12)) or KIE
(Eq. (S13)):

se, = Z—Z * se, = 1000 * se, (S12)
dKIE 1
sexp = |W * sea| =|- -3 * Se, (813)

Calculation of 5'°N*, 8'°NP, and p when &n-. Or &np is equal to O (e.g., Simulated Datasets 1 and 5)

For simulated Dataset 1, en. was set to 0 (no isotope effect at N); for simulated Dataset 5, en.g Was set to 0
(no isotope effect at NP). Here we show the additional calculations required to determine 85N 3*>NP, and p for
Datasets 1 and 5.

At or near natural abundance of 5N, ¥N® = NP and Y4(en-« + en-p) is equal to en-puk. Therefore, when en.q =
0 and en-buik IS Set at -20%o, en-p must equal -40%o (and vice versa). Conversion of these € values to the corresponding
values of a (Eq. (1)) yields values of 1.0000, 0.9600, and 0.9800 for on-q, 0n-g, and an-buik, respectively, for Dataset
1. Because the values of an., and an.g are known in this scenario, the values of p/t and (1-p)/(1-t) can be calculated
using Eqg. (S14) and Eq. (S15) (derived from Eqgs. (21-22)). For simplicity, p/t is designated as A, and (1-p)/(1-t) is
designated as B:

A=2= SN 14
T AN-bulk (S )
p= lp_ g (S15)

1-7  aN-pulk
Additionally, as long as the average of an-, and an-g is approximately equal to on-bulk, the sum of A and B must be
equal to 2:
A+B=2 (S16)
For Dataset 1, B was calculated using Eq. (S15), and A was calculated using Eq. (S16). For Dataset 5, A was
calculated using Eq. (S14), and B was calculated using Eq. (516). R, and Rg were then calculated using Eq. (S17)
and Eqg. (S18),
Ry = A* Ry =2 Ryuuy (S17)

1_
Rg = B * Ryupe = <= * Rpuui (S18)

-
and the R values were converted to the corresponding 6 values (Eq. (6)).

To determine p for Datasets 1 and 5, p was calculated for f=0.7-0.3 using Eq. (23) (p = ®N¥/*NPulk),
Values of 1*N* and NP“k were calculated using Eq. (S4) and Eq. (S2), respectively. For Dataset 1, the average value
of p + standard deviation was 0.5102 + 9 X 108, For Dataset 5, the average value of p + standard deviation was

0.4898 + 8 X 10°®. Thus, the variation in calculated p values was minimal.
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Estimation of experimental error for N°

To simulate experimental error in simulated Datasets 1-5, randomly generated numbers were added to N¥,
S1NPUk and §1°N These simulated error values were randomly generated from a skew-normal distribution where
the mean was set to 0 and the standard deviation was set to the estimated value of measurement error. For N,O
synthesis reactions, we assumed that values of N® (i.e., moles of substrate) are back-calculated from N2O
concentrations, where the main source of error is volume measurements. Measurement error estimates were
calculated for a hypothetical experiment where 1 + 0.01 mL of headspace from a reaction bottle with N,O was
transferred to a sample bottle, followed by removal of 1 + 0.01 mL of headspace from the sample bottle for
quantification. The experimental error for N* (sens) can be approximated by propagating the error for two gas

volume measurements (Eg. (S19)):

seys = N, * \/(61‘1"07'1}1)2 n (erroryz)z = 0.014 * N, (S19)

V1 v2

where v and v, represent volume measurements 1 and 2, respectively. Thus, the error for N® is estimated to be 1.4%
of NS. To err on the side of caution, we set the standard deviation of the distribution for our simulated error values to
1.5% of N

Calculation of f, 5'°N%, and '°NP values for previously published experimental data on NH2OH oxidation by
M. trichosporium

To apply the Expanded Rayleigh model (and the standard Rayleigh model) to the isotopic data published
by Sutka and colleagues (Sutka et al., 2006), values of f, §'°N% and 3*°NP had to be calculated (Table S14). In this
experiment, 0.3 mL of 0.01 M NH,OH (i.e., 3 umol of NH,OH) was added to a 25 mL culture tube containing 2 mL
of suspended cells (Sutka et al., 2006). Values of f were calculated by dividing umol of NH2OH remaining (N®) by
the initial amount of NH,OH (N*) (Eq. (S20)).

NS

f=-% (S20)
As noted above, N = 3 umol. N° was calculated by subtracting pmol of NH,OH consumed (i.e., twice the number
of umol of N2O produced) from N (Eq. S21).
N = N — 2 % (Cy,0 * Vheadspace) (S21)
As shown in Eq. (21), to convert from N2O concentration in pM (cn20) to pmol N2O, N>O concentration was
multiplied by headspace volume (Vneadspace = 0.0227 L). The f values for Methylosinus trichosporium replicate B
ranged from 0.8-0.4 (see Table S14).

By combining Eq. (15) and Eq. (32) to make Eq. (S22), values of §'5N“ can be calculated using the reported

values of **NP and site preference (SP):

S1INE = slaybutk 4 32 (S22)

LT 2

§1NE = 815NE — 5P (S23)
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Calculation of € values for individual observations from previously published experimental P450 NOR data

The data for N,O production by purified P450 NOR is unusual because plots of 3'5N* and §'°NP against
[-fInf/(1-f)] form divergent lines instead of being roughly parallel (Yang et al., 2014). Thus, p is not constant, and
using nonlinear least squares regression to predict a “constant” value of p that fits the entire dataset (i.e., the normal
application of the Expanded Rayleigh model), is not appropriate. Therefore, as outlined in the Section 2.9 of the main
paper, we calculated p for each observation to determine KIE ®N* and KIE NP values for each timepoint. Applying
the Expanded Rayleigh model to individual observations yielded KIE ®N® and KIE NP values that are more accurate
than values calculated by applying the standard Rayleigh model to the entire dataset, indicating that the Expanded
Rayleigh model outperforms the standard Rayleigh model even when p is not constant. To verify that this improved
performance was due to the difference between the two models and not due to application of the Expanded Rayleigh
model to individual observations instead of the entire dataset, we also applied the standard Rayleigh model to
individual observations.

To apply the standard Rayleigh model to individual observations, €n-buik, €n-0, and en-g Were calculated for
each timepoint without linear regression by solving Eq. (2) for €

515N —(y intercept)

2 R — 117 (S24)
-1

where 8°NP represents §*°N¢, §*°NP, or §'°NP“ and (y-intercept) is the intercept of N, §'°NP, or §°NPU plotted
against [-finf/(1-f)]. For 8'5NPU the y-intercept is the initial & value of the substrate, 5°N%°. While §*°*N** could

theoretically be measured, this value was not measured for this dataset. For §'°N* and 8'°NP, the y-intercept doesn’t
have an analogous physical interpretation and thus cannot be measured directly. Therefore, the value of each y-
intercept was determined via linear regression of the appropriate & value against [-fInf/(1-f)]. Linear regression was
performed separately for each replicate (13 observations/replicate). The appropriate y-intercept value was then used
to calculate € for each timepoint using the specific d value and f value from one observation. As shown in Table S17,
the KIEs calculated by applying the standard Rayleigh model to each individual observation are very similar to the

KIEs calculated by applying the standard Rayleigh model to all the observations from one replicate.
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S| Tables

Table S1. Absolute relative error of en-buk and KIE values introduced by Mariotti’s approximation of the Rayleigh equation at various 3°N** values?

Actual Estimate Absolute relative difference”

S15Ns0 EN-bulk KIE 15NPulk KIE KIE EN-bulk 9 KIE 15SNPulk KIE KIE KIE KIE

(%0) (%0) c lSNa c 15NB c (%0) e 15Na e 15NB e EN-bulk KIE 15Nbulk 15er 15N[}
-100 -20 1.0204 1.0103 1.0307 -17.81 1.0181 1.0080 1.0285 0.11 0.0022 0.0022 0.0022
-90 -20 1.0204 1.0103 1.0307 -18.01 1.0183 1.0082 1.0287 0.10 0.0020 0.0020 0.0020
-80 -20 1.0204 1.0103 1.0307 -18.21 1.0185 1.0084 1.0289 0.09 0.0018 0.0018 0.0018
-70 -20 1.0204 1.0103 1.0307 -18.41 1.0188 1.0086 1.0291 0.08 0.0016 0.0016 0.0016
-60 -20 1.0204 1.0103 1.0307 -18.60 1.0190 1.0088 1.0293 0.07 0.0014 0.0014 0.0014
-50 -20 1.0204 1.0103 1.0307 -18.80 1.0192 1.0090 1.0295 0.06 0.0012 0.0012 0.0012
-40 -20 1.0204 1.0103 1.0308 -19.00 1.0194 1.0092 1.0297 0.05 0.0010 0.0010 0.0010
-30 -20 1.0204 1.0103 1.0308 -19.20 1.0196 1.0094 1.0299 0.04 0.0008 0.0008 0.0008
-20 -20 1.0204 1.0103 1.0308 -19.40 1.0198 1.0096 1.0301 0.03 0.0006 0.0006 0.0006
-10 -20 1.0204 1.0103 1.0308 -19.59 1.0200 1.0099 1.0303 0.02 0.0004 0.0004 0.0004
0 -20 1.0204 1.0103 1.0308 -19.79 1.0202 1.0101 1.0305 0.01 0.0002 0.0002 0.0002
10 -20 1.0204 1.0103 1.0308 -19.99 1.0204 1.0103 1.0307 5.0E-04 1.0E-05 | 1.0E-05| 1.0E-05
20 -20 1.0204 1.0103 1.0308 -20.19 1.0206 1.0105 1.0310 0.01 0.0002 0.0002 0.0002
30 -20 1.0204 1.0103 1.0308 -20.39 1.0208 1.0107 1.0312 0.02 0.0004 0.0004 0.0004
40 -20 1.0204 1.0103 1.0308 -20.58 1.0210 1.0109 1.0314 0.03 0.0006 0.0006 0.0006
50 -20 1.0204 1.0103 1.0308 -20.78 1.0212 1.0111 1.0316 0.04 0.0008 0.0008 0.0008
60 -20 1.0204 1.0103 1.0308 -20.98 1.0214 1.0113 1.0318 0.05 0.0010 0.0010 0.0010
70 -20 1.0204 1.0103 1.0308 -21.18 1.0216 1.0115 1.0320 0.06 0.0012 0.0012 0.0012
80 -20 1.0204 1.0103 1.0308 -21.38 1.0218 1.0117 1.0322 0.07 0.0014 0.0014 0.0014
90 -20 1.0204 1.0103 1.0308 -21.57 1.0220 1.0119 1.0324 0.08 0.0016 0.0016 0.0016
100 -20 1.0204 1.0103 1.0308 -21.77 1.0223 1.0121 1.0326 0.09 0.0018 0.0018 0.0018
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3 Simulated 8'°NS, 3*°NPUK 35N, and 3'°NP values were calculated without Mariotti’s approximation (Mariotti et al., 1981) that In[(5'*N/1000 +1)/(5'*N%/1000
+1)] = (8'°NS - 5'°Ns%)/1000. (This approximation is only valid when §°N%/1000 and §'°N*0/1000 are small relative to 1.) en-pui Was Set at -20%o and p was set at
0.5050 (normal KIE **N%, normal KIE NP). The average value of t for each simulation was 0.49998.

b Absolute relative difference (Eq. (31)) is the absolute value of the difference between the estimated value and actual value divided by the actual value (|(estimate
— actual)/actual|).

¢ Actual KIE values were calculated with Expanded Rayleigh model 1 using f values between 0.7-0.2. an-pux Was determined without the In(1+u) = u approximation
by linear regression of In(§'°N%/1000 +1) against In(f); en-buik is the slope in this model (Hayes, 2004). (The variable u represents §°N® or §'°N*C.) The value of p
was determined via nonlinear regression (model 1) (Eq. (29)), and T was determined by averaging NN for every step of the reaction (Eq. (24)). The results
for Expanded Rayleigh model 2 (standard Rayleigh model combined with nonlinear model 2, data not shown) are essentially identical to the results from Expanded
Rayleigh model 1.

d Estimated en-ouik values were determined using Eq. (2), Mariotti’s approximation of the Rayleigh equation (i.€., via linear regression of §*5NP"k against [-fInf/(1-
f)]) using f values between 0.7-0.2. en-buik is the slope in this model.

¢ Estimated KIE values for Expanded Rayleigh model 1 were calculated using Mariotti’s approximation of the standard Rayleigh equation to determine on-buik
(calculated from estimated en-nuik, see note d and Eq. (2)). Values for p and t were calculated as described in note ¢ above; these values were used to determine KIE
15N* and KIE NP,
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Table S2. Absolute relative error of en-buk and KIE values introduced by varying en-buik vValues?

Actual Estimate Absolute relative difference®
S15Ns0 enbuk  KIE 1BNbUk KIE KIE enpuk @ KIE 15Nbulk KIE KIE KIE KIE
(%0) (%0) o 15N\ac 15N\B ¢ (%0) e 1BN\ae 15N\B e EN-bulk KIE 15Nbulk 15N\« 15\ B
0 -100 11111 | 1.1001 | 1.1224 -94.52 1.1044 | 1.0934 | 1.1156 0.05 0.0061 | 0.0061 | 0.0061
0 -90 1.0989 | 1.0880 | 1.1100 -85.59 1.0936 | 1.0827 | 1.1047 0.05 0.0048 | 0.0048 | 0.0048
0 -80 1.0870 1.0762 1.0980 -76.54 1.0829 1.0721 1.0939 0.04 0.0037 0.0037 0.0037
0 -70 1.0753 | 1.0646 | 1.0862 -67.37 1.0722 | 1.0616 | 1.0831 0.04 0.0028 | 0.0028 | 0.0028
0 -60 1.0638 1.0533 1.0746 -58.08 1.0617 1.0511 1.0724 0.03 0.0020 0.0020 0.0020
0 -50 1.0526 | 1.0422 | 1.0633 -48.67 1.0512 | 1.0407 | 1.0618 0.03 0.0014 | 0.0014 | 0.0014
0 -40 1.0417 1.0313 1.0522 -39.16 1.0408 1.0304 1.0513 0.02 0.0009 0.0009 0.0009
0 -30 1.0309 1.0207 1.0414 -29.53 1.0304 1.0202 1.0409 0.02 0.0005 0.0005 0.0005
0 -20 1.0204 | 1.0103 | 1.0308 -19.79 1.0202 | 1.0101 | 1.0305 0.01 0.0002 | 0.0002 | 0.0002
0 -10 1.0101 1.0001 1.0203 -9.95 1.0100 1.0000 1.0203 0.01 0.0001 0.0001 0.0001
0 10 0.9901 | 0.9803 | 1.0001 10.05 0.9900 | 0.9802 | 1.0001 0.01 0.0001 | 0.0001 | 0.0001
0 20 0.9804 0.9706 0.9903 20.20 0.9802 0.9705 0.9901 0.01 0.0002 0.0002 0.0002
0 30 0.9709 | 0.9612 | 0.9807 30.45 0.9704 | 0.9608 | 0.9803 0.02 0.0004 | 0.0004 | 0.0004
0 40 0.9615 | 0.9520 | 0.9713 40.80 0.9608 | 0.9513 | 0.9705 0.02 0.0008 | 0.0008 | 0.0008
0 50 0.9524 0.9429 0.9620 51.24 0.9513 0.9418 0.9609 0.02 0.0012 0.0012 0.0012
0 60 0.9434 | 0.9340 | 0.9530 61.77 0.9418 | 0.9325 | 0.9514 0.03 0.0017 | 0.0017 | 0.0017
0 70 0.9346 0.9253 0.9441 72.40 0.9325 0.9232 0.9419 0.03 0.0022 0.0022 0.0022
0 80 0.9259 | 0.9167 | 0.9353 83.11 0.9233 | 0.9141 | 0.9326 0.04 0.0029 | 0.0029 | 0.0029
0 90 0.9174 0.9083 0.9267 93.91 0.9141 0.9051 0.9234 0.04 0.0036 0.0036 0.0036
0 100 0.9091 0.9001 0.9183 104.80 0.9051 0.8961 0.9143 0.05 0.0043 0.0043 0.0043

3 Simulated 8'°NS, 3*°NPUK 315N and 3'°NP values were calculated without Mariotti’s approximation (Mariotti et al., 1981) that In[(5'*N%/1000 +1)/(5'*N%/1000
+1)] = (81°N° - §15N°)/1000. (This approximation is only valid when §*N%/1000 and §°N*%/1000 are small relative to 1.) 85N was set at 0%o and p was set at
0.5050 (normal KIE **N% normal KIE ®NP). The average value of t for each simulation was 0.49998.
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b Absolute relative difference (Eqg. (31)) is the absolute value of the difference between the estimated value and actual value divided by the actual value (|(estimate
— actual)/actual)).

¢ Actual KIE values were calculated with Expanded Rayleigh model 1 using f values between 0.7-0.2. an-pux Was determined without the In(1+u) = u approximation
by linear regression of In(§'°N%/1000 +1) against In(f); en-bui is the slope in this model (Hayes, 2004). (The variable u represents 8N or §'5N*C.) The value of p
was determined via nonlinear regression (model 1) (Eq. (29)), and t was determined by averaging NN for every step of the reaction (Eq. (24)). The results
for Expanded Rayleigh model 2 (standard Rayleigh model combined with nonlinear model 2, data not shown) are essentially identical to the results from Expanded
Rayleigh model 1.

dEstimated en-bui values were determined using Eq. (2), Mariotti’s approximation of the Rayleigh equation (i.€., via linear regression of 3*°NP“ against [-fInf/(1-f)])
using f values between 0.7-0.2. en-bui is the slope in this model.

¢ Estimated KIE values for Expanded Rayleigh model 1 were calculated using Mariotti’s approximation of the standard Rayleigh equation to determine on-bulk
(calculated from estimated en-buik, see note d and Eq. (2)). Values for p and t were calculated as described in note ¢ above; these values were used to determine
KIE N and KIE **NP,

S8



Table S3. Testing the impact of p and t values on the Expanded Rayleigh model

615Nbulk _
KIE 5N¢ | KIE NP | 0.5(5"°N" + !5NF)
p ! b b (%o) &9
0.4700 0.50011 + 2.8E-07 1.0858 0.9624 | -0.013 + 6.6E-05
0.4800 0.50007 £ 1.8E-07 1.0631 0.9810 |  -0.006 + 2.9E-05
0.4900 0.50004 + 9.2E-08 1.0413 1.0003 | -0.001 + 7.3E-06
0.5000 0.50000 + 7.9E-17 1.0204 1.0204 0.000 = 1.0E-13
0.5100 0.49996 + 9.2E-08 1.0003 1.0413 | -0.001 + 7.3E-06
0.5200 0.49993 + 1.8E-07 0.9810 1.0631 -0.006 + 2.9E-05
0.5300 0.49989 + 2.8E-07 0.9624 1.0858 | -0.013 + 6.6E-05

8 Average 1 + standard deviation. T was calculated for each value of f (f=0.3-0.7) using Eq. (24).

b KIE values were calculated using the input values of en-oui and p and average T.

¢ Average difference + standard deviation of 3*°NP" and the average of 3°N* and 5!°NP. Equation 2 was used to calculate §*°>N!X values where en-puk iS et at -20%o
(KIE 15NPUk = 1,0204) and 5N is set at 0%o. Equations 27-28 were used to calculate §*5N* and 3!°NP values using the specified value of p.

d All of the average differences shown here are less than the analytical error values typical for § values (0.5-0.7%o) (Yang et al., 2014). Only very extreme p values
(e.9., p < 0.32 or p > 0.68) violate the assumption that 35N is equal to the average of 5*°N® and §'°NP.
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Table S4. Dataset 1: Simulated no-error values for N2O synthesis in a closed system (no isotope effect for N¢, normal isotope effect for NF).

815N values for three replicates with evenly spaced f values between 0.7 and 0.3 were simulated for a hypothetical reaction where en-buik = -20%e (KIE °NbUk = 1,0204),
815N = 0%o, and en-« = 0%0 (KIE 15N = 1). §'°N® values were calculated using Eq. (18), and 3°N°% values were calculated using Eq. (2). 8'°N* and 5'°NP values were
calculated using Eq. (S17) or Eq. (S18) and Eq. (6). Accumulated NUk and N values (in nmol) were calculated for a hypothetical reaction where N0 = 10,000 nmol. (See
ST section “Calculations for the Expanded Rayleigh model” for details.)

Replicate f SLONS 615Nbulk SN SL°NP Nbulk 14Nbulk lSNbqu 14Ne ISNe
1 0.7 7.1 -16.6 3.4 -36.7 3000 2989.2 10.8 1494.5 5.5
1 0.6 10.2 -15.3 4.8 -35.4 4000 3985.6 14.4 1992.6 7.4
1 0.5 13.9 -13.9 6.3 -34.0 5000 4981.9 18.1 2490.8 9.2
1 0.4 18.3 -12.2 7.9 -32.4 6000 5978.3 21.7 2988.9 11.1
1 0.3 24.1 -10.3 9.9 -30.5 7000 6974.6 254 3487.1 12.9
2 0.7 7.1 -16.6 3.4 -36.7 3000 2989.2 10.8 1494.5 5.5
2 0.6 10.2 -15.3 4.8 -35.4 4000 3985.6 14.4 1992.6 7.4
2 0.5 13.9 -13.9 6.3 -34.0 5000 4981.9 18.1 2490.8 9.2
2 0.4 18.3 -12.2 7.9 -32.4 6000 5978.3 21.7 2988.9 I1.1
2 0.3 24.1 -10.3 9.9 -30.5 7000 6974.6 25.4 3487.1 12.9
3 0.7 7.1 -16.6 34 -36.7 3000 2989.2 10.8 1494.5 5.5
3 0.6 10.2 -15.3 4.8 -35.4 4000 3985.6 14.4 1992.6 7.4
3 0.5 13.9 -13.9 6.3 -34.0 5000 4981.9 18.1 2490.8 9.2
3 0.4 18.3 -12.2 7.9 -32.4 6000 5978.3 21.7 2988.9 I1.1
3 0.3 24.1 -10.3 9.9 -30.5 7000 6974.6 25.4 3487.1 12.9
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Table S5. Dataset 2: Simulated no-error values for N2O synthesis in a closed system (normal isotope effect for N% normal isotope effect for NP).

815N values for three replicates with evenly spaced f values between 0.7 and 0.3 were simulated for a hypothetical reaction where en-buik = -20%e (KIE °NPUk = 1,0204),
85N = 0%o, and p = 0.5050. $'°N° values were calculated using Eq. (18), and 8'°NPUK values were calculated using Eq. (2). 8'°N* and 8NP values were calculated using
Eq. (27) or Eq. (28). Accumulated NPk and N values (in nmol) were calculated for a hypothetical reaction where N = 10,000 nmol. (See SI section “Calculations for the
Expanded Rayleigh model” for details.)

Replicate f SLONS 615Nbulk SN SL°NP Nbulk 14Nbulk lSNbqu 14Ne SNe
1 0.7 7.1 -16.6 -6.8 -26.5 3000 2989.2 10.8 1494.5 5.5
1 0.6 10.2 -15.3 -5.4 -25.2 4000 3985.6 14.4 1992.7 7.3
1 0.5 13.9 -13.9 -4.0 -23.8 5000 4981.9 18.1 2490.9 9.1
1 0.4 18.3 -12.2 -2.3 -22.1 6000 5978.3 21.7 2989.0 11.0
1 0.3 24.1 -10.3 -0.4 -20.3 7000 6974.6 25.4 3487.2 12.8
2 0.7 7.1 -16.6 -6.8 -26.5 3000 2989.2 10.8 1494.5 5.5
2 0.6 10.2 -15.3 -5.4 -25.2 4000 3985.6 14.4 1992.7 7.3
2 0.5 13.9 -13.9 -4.0 -23.8 5000 4981.9 18.1 2490.9 9.1
2 0.4 18.3 -12.2 -2.3 -22.1 6000 5978.3 21.7 2989.0 11.0
2 0.3 24.1 -10.3 -0.4 -20.3 7000 6974.6 254 3487.2 12.8
3 0.7 7.1 -16.6 -6.8 -26.5 3000 2989.2 10.8 1494.5 5.5
3 0.6 10.2 -15.3 -5.4 -25.2 4000 3985.6 14.4 1992.7 7.3
3 0.5 13.9 -13.9 -4.0 -23.8 5000 4981.9 18.1 2490.9 9.1
3 0.4 18.3 -12.2 -2.3 -22.1 6000 5978.3 21.7 2989.0 11.0
3 0.3 24.1 -10.3 -0.4 -20.3 7000 6974.6 25.4 3487.2 12.8
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Table S6. Dataset 3: Simulated no-error values for N2O synthesis in a closed system (inverse isotope effect for N¢, normal isotope effect for NF).

815N values for three replicates with evenly spaced f values between 0.7 and 0.3 were simulated for a hypothetical reaction where en-buik = -20%e (KIE °NPUk = 1,0204),
85N = 0%o, and p = 0.5200. $'°N° values were calculated using Eq. (18), and 8'°NPUK values were calculated using Eq. (2). 8'°N* and 8NP values were calculated using
Eq. (27) or Eq. (28). Accumulated NPk and N values (in nmol) were calculated for a hypothetical reaction where N = 10,000 nmol. (See SI section “Calculations for the
Expanded Rayleigh model” for details.)

Replicate f SLONS 615Nbulk SN S°NP Nbulk 14Nbulk lSNbqu 14Ne SNe
1 0.7 7.1 -16.6 22.8 -56.1 3000 2989.2 10.8 1494.4 5.6
1 0.6 10.2 -15.3 242 -54.8 4000 3985.6 14.4 1992.5 7.5
1 0.5 13.9 -13.9 25.7 -53.4 5000 4981.9 18.1 2490.6 9.4
1 0.4 18.3 -12.2 27.4 -51.9 6000 5978.3 21.7 2988.7 11.3
1 0.3 24.1 -10.3 29.4 -50.0 7000 6974.6 25.4 3486.8 13.2
2 0.7 7.1 -16.6 22.8 -56.1 3000 2989.2 10.8 1494.4 5.6
2 0.6 10.2 -15.3 24.2 -54.8 4000 3985.6 14.4 1992.5 7.5
2 0.5 13.9 -13.9 25.7 -53.4 5000 4981.9 18.1 2490.6 9.4
2 0.4 18.3 -12.2 27.4 -51.9 6000 5978.3 21.7 2988.7 11.3
2 0.3 24.1 -10.3 29.4 -50.0 7000 6974.6 25.4 3486.8 13.2
3 0.7 7.1 -16.6 22.8 -56.1 3000 2989.2 10.8 1494.4 5.6
3 0.6 10.2 -15.3 24.2 -54.8 4000 3985.6 14.4 1992.5 7.5
3 0.5 13.9 -13.9 25.7 -53.4 5000 4981.9 18.1 2490.6 9.4
3 0.4 18.3 -12.2 27.4 -51.9 6000 5978.3 21.7 2988.7 11.3
3 0.3 24.1 -10.3 29.4 -50.0 7000 6974.6 25.4 3486.8 13.2
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Table S7. Dataset 4: Simulated no-error values for N2O synthesis in a closed system (inverse isotope effect for N¢, inverse isotope effect for NP).

815N values for three replicates with evenly spaced f values between 0.7 and 0.3 were simulated for a hypothetical reaction where en-buik = +20%0 (KIE 1SNPUk = 0.9804),
85N = 0%o, and p = 0.5050. $'°N° values were calculated using Eq. (18), and 8'°NP"K values were calculated using Eq. (2). 8'°N* and 8NP values were calculated using
Eq. (27) or Eq. (28). Accumulated NPk and N values (in nmol) were calculated for a hypothetical reaction where N = 10,000 nmol. (See SI section “Calculations for the
Expanded Rayleigh model” for details.)

Replicate f SLONS 615Nbulk SN S°NP Nbulk 14Nbulk lSNbqu 14Ne SNe
1 0.7 -7.1 16.6 26.8 6.4 3000 2988.8 11.2 1494.4 5.6
1 0.6 -10.2 15.3 25.5 5.1 4000 3985.1 14.9 1992.5 7.5
1 0.5 -13.9 13.9 24.0 3.7 5000 4981.4 18.6 2490.6 9.4
1 0.4 -18.3 12.2 224 2.1 6000 5977.8 222 2988.8 11.2
1 0.3 -24.1 10.3 20.5 0.2 7000 6974.1 25.9 3486.9 13.1
2 0.7 -7.1 16.6 26.8 6.4 3000 2988.8 11.2 1494.4 5.6
2 0.6 -10.2 15.3 25.5 5.1 4000 3985.1 14.9 1992.5 7.5
2 0.5 -13.9 13.9 24.0 3.7 5000 4981.4 18.6 2490.6 9.4
2 0.4 -18.3 12.2 224 2.1 6000 5977.8 222 2988.8 11.2
2 0.3 -24.1 10.3 20.5 0.2 7000 6974.1 25.9 3486.9 13.1
3 0.7 -7.1 16.6 26.8 6.4 3000 2988.8 11.2 1494.4 5.6
3 0.6 -10.2 15.3 25.5 5.1 4000 3985.1 14.9 1992.5 7.5
3 0.5 -13.9 13.9 24.0 3.7 5000 4981.4 18.6 2490.6 9.4
3 0.4 -18.3 12.2 22.4 2.1 6000 5977.8 22.2 2988.8 11.2
3 0.3 -24.1 10.3 20.5 0.2 7000 6974.1 25.9 3486.9 13.1
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Table S8. Dataset 5: Simulated no-error values for N2O synthesis in a closed system (normal isotope effect for N%, no isotope effect for NF).

815N values for three replicates with evenly spaced f values between 0.7 and 0.3 were simulated for a hypothetical reaction where en-buik = -20%o (KIE °NPUk = 1,0204),
815N = 0%, and en-p = 0%o (KIE NP = 1). §!°Ns values were calculated using Eq. (18), and 8'°N"X values were calculated using Eq. (2). 8'°N“ and 5'°NP values were
calculated using Eq. (S17) or Eq. (S18) and Eq. (6). Accumulated NUk and N values (in nmol) were calculated for a hypothetical reaction where N0 = 10,000 nmol. (See
SI section “Calculations for the Expanded Rayleigh model” for details.)

Replicate f SLONS 615Nbulk SN S°NP Nbulk 14Nbulk lSNbqu 14Ne SNe
1 0.7 7.1 -16.6 -36.7 3.4 3000 2989.2 10.8 1494.7 5.3
1 0.6 10.2 -15.3 -35.4 4.8 4000 3985.6 14.4 1992.9 7.1
1 0.5 13.9 -13.9 -34.0 6.3 5000 4981.9 18.1 2491.2 8.8
1 0.4 18.3 -12.2 -32.4 7.9 6000 5978.3 21.7 2989.4 10.6
1 0.3 24.1 -10.3 -30.5 9.9 7000 6974.6 25.4 3487.6 12.4
2 0.7 7.1 -16.6 -36.7 3.4 3000 2989.2 10.8 1494.7 5.3
2 0.6 10.2 -15.3 -35.4 4.8 4000 3985.6 14.4 1992.9 7.1
2 0.5 13.9 -13.9 -34.0 6.3 5000 4981.9 18.1 2491.2 8.8
2 0.4 18.3 -12.2 -32.4 7.9 6000 5978.3 21.7 2989.4 10.6
2 0.3 24.1 -10.3 -30.5 9.9 7000 6974.6 25.4 3487.6 12.4
3 0.7 7.1 -16.6 -36.7 34 3000 2989.2 10.8 1494.7 5.3
3 0.6 10.2 -15.3 -35.4 4.8 4000 3985.6 14.4 1992.9 7.1
3 0.5 13.9 -13.9 -34.0 6.3 5000 4981.9 18.1 2491.2 8.8
3 0.4 18.3 -12.2 -32.4 7.9 6000 5978.3 21.7 2989.4 10.6
3 0.3 24.1 -10.3 -30.5 9.9 7000 6974.6 25.4 3487.6 12.4
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Table S9. Precision and accuracy of values calculated with the Expanded Rayleigh model using simulated datasets derived from Dataset 1 (no isotope
effect for N, normal isotope effect for NF).

Level of | Skewness

Model error® a R2b:¢ po Th exbuik ® (%o) | KIE 'SNbulk b KIE 'SN¢ P KIE "SNP P
Actual None No NA 0.5102 + 9¢-08 ¢ 0.49996 £ 9¢-08 ¢ 220+ NA 1.0204 + NA 1 £ NA 1.0417 £ NA
No 0.95+0.02 0.5102 + le-04 0.49996 £ 4.1e-07 | -19.78+1.27 | 1.0202+0.0013 | 0.9998 +0.0013 | 1.0414+0.0014
Low Left 0.94 £0.02 0.5102 + le-04 0.49996 + 4e-07 | -19.79+1.28 | 1.0202+0.0013 | 0.9998 +£0.0013 | 1.0414 +0.0014
Right 0.94 £0.02 0.5102 + le-04 0.49996 + 4e-07 | -19.83+1.26 | 1.0202+0.0013 | 0.9998 +0.0013 | 1.0415+0.0014
No 0.75 + 0.09 0.5102 + 3e-04 0.49996 + 1e-06 | -19.18+2.95 | 1.0196 = 0.0031 0.9992 +0.003 | 1.0408 +0.0032
EXpaI.lded Medium Left 0.74+0.1 0.5101 +3e-04 |  0.49996 + 1.02e-06 | -19.32+3.05 | 1.0197+0.0032 | 0.9994 +0.0032 | 1.0409 +0.0033
Rayleigh | Right 0.74+0.1 0.5102 + 3e-04 0.49996 + 1e-06 | -19.35+3.01 | 1.0197 +£0.0031 | 0.9993 +0.0031 | 1.041 +0.0033
No 0.44+0.17 0.5102 + 6e-04 |  0.49996 +2.05¢-06 | -18.24+5.75 1.0186+£0.006 |  0.9982+0.006 | 1.0398 +0.0061
High Left 0.43+0.17 0.5101 + 6e-04 0.49996 £ 2e-06 | -18.57 +5.61 1.019+0.0058 | 0.9987 +0.0058 | 1.0401 +0.0061
Right 0.43+0.17 0.5102 + 6e-04 | 0.49996 +2.05e-06 | -18.36+5.68 | 1.0187 +0.0059 | 0.9983 + 0.0059 1.04 + 0.0062
No 0.95£0.02 0.5102 + le-04 0.49996 = 4.1e-07 | -19.78+1.27 | 1.0202+0.0013 | 0.9998 +0.0013 | 1.0414 +0.0014
Low Left 0.94 £0.02 0.5102 + le-04 0.49996 + 4e-07 | -19.79+1.28 | 1.0202+0.0013 | 0.9998 +0.0013 | 1.0414 +0.0014
Right 0.94 +0.02 0.5102 + le-04 0.49996 + 4e-07 | -19.83+1.26 | 1.0202+0.0013 | 0.9998 +0.0013 | 1.0415+0.0014
No 0.75 + 0.09 0.5102 + 3e-04 0.49996 + 1e-06 | -19.18+2.95 | 1.0196 +0.0031 0.9992 +0.003 | 1.0408 +0.0032
EXpaI.lded Medium Left 0.74+0.1 0.5101 +3e-04 |  0.49996 + 1.02e-06 | -19.32+3.05 | 1.0197+0.0032 | 0.9994 +0.0032 | 1.0409 +0.0033
Rayleigh 2 Right 0.74£0.1 0.5102 + 3e-04 0.49996 + 1e-06 | -19.35+3.01 | 1.0197 £0.0031 | 0.9993 +£0.0031 | 1.041+0.0033
No 0.44+0.17 0.5102 +6e-04 |  0.49996 + 2.05e-06 | -18.24+5.75 1.0186+0.006 |  0.9982+0.006 | 1.0398 +0.0061
High Left 0.43+0.17 0.5101 = 6e-04 0.49996 + 2e-06 | -18.57+5.61 1.019+0.0058 | 0.9987 +0.0058 | 1.0401 +0.0061
Right 0.43+0.17 0.5102 + 6e-04 |  0.49996 +2.05e-06 | -18.36+5.68 | 1.0187+0.0059 | 0.9983 +0.0059 1.04 £ 0.0062
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2 See Table 2 for details.

b Average value + standard deviation calculated from 1000 simulated datasets.

¢ Average R? value for linear regression of 5°N® against [-fInf/(1-f)] (using standard Rayleigh equation) calculated from 1000 R? values generated from 1000
simulated datasets.

d Average value * standard deviation for the p or t values from the no-error dataset. t was calculated for each value of fusing Eq. (24). p was calculated for each

value of f using Eq. (23); see SI section “Calculation of §*5N?, NP, and p when en. Or en-g is equal to 0 (e.g., Simulated Datasets 1 and 5)” for details.
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Table S10. Precision and accuracy of values calculated with the Expanded Rayleigh model using simulated datasets derived from Dataset 2 (hormal
isotope effects for N* and NP).

Level of | Skewness

Model error® 2 R2b:¢ pP Th en-bulk ° (%o) KIE 1SNPulk b KIE SN®® KIE SNP P
Actual None No NA 0.505 £ NA 0.49998 + 4¢-08 9 -20 £ NA 1.0204 =+ NA 1.0103 £+ NA 1.0308 = NA
No 0.95+0.02 0.505 + 1e-04 | 0.49998 +4.1e-07 -19.78 £1.27 | 1.0202 £0.0013 1.01 £0.0014 | 1.0305+0.0013
Low Left 0.94 £0.02 0.505 £ 1e-04 0.49998 + 4¢-07 -19.79£1.28 | 1.0202 £0.0013 1.0101 £0.0013 | 1.0305+0.0014
Right 0.94 £0.02 0.505 £ 1e-04 0.49998 + 4e-07 -19.83+1.26 | 1.0202+0.0013 1.0101 +£0.0013 | 1.0306 +0.0013
ded No 0.75+0.09 0.505 £+ 3e-04 0.49998 + 1e-06 -19.18+£2.95 | 1.0196 +0.0031 1.0094 £ 0.0031 | 1.0299 +0.0032
lf:;:lgs . Medium Left 0.74+0.1 0.505 + 3e-04 | 0.49998 + 1.02e-06 -19.32+£3.05 | 1.0197+£0.0032 | 1.0096 £+ 0.0032 1.03 + 0.0033
Right 0.74+0.1 0.505 £+ 3e-04 0.49998 + 1e-06 -19.35+£3.01 1.0197 + 0.0031 1.0096 + 0.0032 | 1.0301 +0.0032
No 0.44+£0.17 0.505 + 6e-04 | 0.49998 + 2.05e-06 -18.24 +£5.75 1.0186 = 0.006 | 1.0085 £ 0.0061 1.0289 + 0.006
High Left 0.43+0.17 0.5049 + 6¢-04 0.49998 + 2¢-06 -18.57 £ 5.61 1.019 + 0.0058 1.0089 + 0.0059 1.0292 + 0.006
Right 0.43+£0.17 0.505 £+ 6e-04 | 0.49998 + 2.05e-06 -18.36£5.68 | 1.0187 £0.0059 | 1.0086 +0.0059 | 1.0291 + 0.0061
No 0.95+0.02 0.505+ 1e-04 | 0.49998 +4.1e-07 -19.78 £ 1.27 | 1.0202 £+ 0.0013 1.01 £0.0014 | 1.0305+0.0013
Low Left 0.94 +0.02 0.505 £ 1e-04 0.49998 + 4e-07 -19.79+£1.28 | 1.0202+0.0013 | 1.0101 £0.0013 | 1.0305+0.0014
Right 0.94 +0.02 0.505 £ 1e-04 0.49998 + 4e-07 -19.83+£1.26 | 1.0202+0.0013 | 1.0101 £0.0013 | 1.0306 +0.0013
ded No 0.75+0.09 0.505 £+ 3e-04 0.49998 + 1e-06 -19.18£2.95 | 1.0196 +0.0031 1.0094 £ 0.0031 | 1.0299 +0.0032
lf:;:lgz 5 Medium Left 0.74+0.1 0.505 + 3e-04 | 0.49998 + 1.02e-06 -19.32+£3.05 | 1.0197+£0.0032 | 1.0096 £ 0.0032 1.03 + 0.0033
Right 0.74+£0.1 0.505 + 3e-04 0.49998 + 1e-06 -19.35+3.01 1.0197 £ 0.0031 1.0096 + 0.0032 | 1.0301 +0.0032
No 0.44+£0.17 0.505 £ 6e-04 | 0.49998 + 2.05e-06 -18.24 £5.75 1.0186 = 0.006 | 1.0085 +0.0061 1.0289 + 0.006
High Left 0.43+£0.17 0.5049 + 6¢-04 0.49998 + 2¢-06 -18.57+5.61 1.019 + 0.0058 1.0089 + 0.0059 1.0292 + 0.006
Right 0.43+0.17 0.505 + 6e-04 | 0.49998 + 2.05e-06 -18.36 £5.68 | 1.0187+0.0059 | 1.0086 +0.0059 | 1.0291 +0.0061
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2 See Table 2 for details.

b Average value + standard deviation calculated from 1000 simulated datasets.

¢ Average R? value for linear regression of 5°N® against [-fInf/(1-f)] (using standard Rayleigh equation) calculated from 1000 R? values generated from 1000
simulated datasets.

d Standard deviation for the T values from the no-error dataset. T was calculated for each value of f using Eq. (24).
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Table S11. Precision and accuracy of values calculated with the Expanded Rayleigh model using simulated datasets derived from Dataset 3 (inverse

isotope effect for N¢, normal isotope effect for NF).

Level of | Skewness

Model error® 2 R2b:¢ pP Th en-bulk ° (%o) KIE 1SNPulk b KIE SN®® KIE SNP P
Actual None No NA 0.52 £ NA | 0.49993 + 1.7e-07 ¢ -20 £ NA 1.0204 =+ NA 0.981 £ NA 1.0631 £ NA
No 0.95+0.02 0.52 £ 1e-04 | 0.49993 +4.1e-07 -19.78 £1.27 | 1.0202+0.0013 | 0.9808 +0.0013 | 1.0628 +0.0014
Low Left 0.94 £0.02 0.52 + 1e-04 0.49993 + 4¢-07 -19.79£1.28 | 1.0202+0.0013 | 0.9808 +0.0013 | 1.0628 +0.0014
Right 0.94 £0.02 0.52 + 1e-04 0.49993 + 4e-07 -19.83+£1.26 | 1.0202 +£0.0013 | 0.9808 £0.0013 | 1.0629 +0.0014
ded No 0.75+0.09 0.52 + 3e-04 0.49993 + 1e-06 -19.18+£2.95 | 1.0196 +0.0031 0.9802 £0.003 | 1.0622 +0.0033
lf:;:lgs . Medium Left 0.74+0.1 0.52 £ 3e-04 | 0.49993 + 1.02¢-06 -19.32+£3.05 | 1.0197+0.0032 | 0.9804 +0.0031 | 1.0623 +0.0034
Right 0.74+0.1 0.52 + 3e-04 0.49993 + 1e-06 -19.35+£3.01 1.0197 £0.0031 | 0.9804 £0.0031 | 1.0624 +0.0033
No 0.44+£0.17 0.52 + 6e-04 | 0.49993 + 2.05e-06 -18.24 +£5.75 1.0186 +£0.006 | 0.9793 £0.0059 | 1.0612 +0.0062
High Left 0.43+0.17 0.5199 + 6¢-04 0.49993 + 2¢-06 -18.57 £ 5.61 1.019 £ 0.0058 | 0.9797 £0.0057 | 1.0615 +0.0062
Right 0.43+£0.17 0.52 + 6e-04 | 0.49993 + 2.05e-06 -1836+£5.68 | 1.0187£0.0059 | 0.9794 £0.0057 | 1.0614 + 0.0063
No 0.95+0.02 0.52+ 1e-04 | 0.49993 +4.1e-07 -19.78 £1.27 | 1.0202 £0.0013 | 0.9808 £0.0013 | 1.0629 +0.0014
Low Left 0.94 +0.02 0.52 £ 1e-04 0.49993 + 4e-07 -19.79+£1.28 | 1.0202+0.0013 | 0.9808 +0.0013 | 1.0629 +0.0014
Right 0.94 +0.02 0.52 £ 1e-04 0.49993 + 4e-07 -19.83£1.26 | 1.0202+0.0013 | 0.9808 +0.0013 | 1.0629 +0.0014
ded No 0.75+0.09 0.52 + 3e-04 0.49993 + le-06 -19.18£2.95 | 1.0196 +0.0031 0.9802 £0.003 | 1.0622 +0.0033
lf:;:lgz 5 Medium Left 0.74+0.1 0.52 +3e-04 | 0.49993 + 1.02e-06 -19.32+£3.05 | 1.0197+0.0032 | 0.9804 +0.0031 | 1.0623 +0.0034
Right 0.74+£0.1 0.52 + 3e-04 0.49993 + 1e-06 -19.35+3.01 1.0197 £0.0031 | 0.9804 +0.0031 | 1.0624 +0.0033
No 0.44+£0.17 0.52 + 6e-04 | 0.49993 + 2.05e-06 -18.24 £5.75 1.0186 £ 0.006 | 0.9793 £0.0059 | 1.0612 +0.0062
High Left 0.43+£0.17 0.52 £ 6e-04 0.49993 + 2¢-06 -18.57+5.61 1.019£0.0058 | 0.9797 £0.0057 | 1.0615 +0.0062
Right 0.43+0.17 0.52 + 6e-04 | 0.49993 + 2.05e-06 -18.36 £5.68 | 1.0187+0.0059 | 0.9794 +0.0057 | 1.0614 + 0.0063
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2 See Table 2 for details.

b Average value + standard deviation calculated from 1000 simulated datasets.

¢ Average R? value for linear regression of 5°N® against [-fInf/(1-f)] (using standard Rayleigh equation) calculated from 1000 R? values generated from 1000
simulated datasets.

d Standard deviation for the T values from the no-error dataset. T was calculated for each value of f using Eq. (24).
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Table S12. Precision and accuracy of values calculated with the Expanded Rayleigh model using simulated datasets derived from Dataset 4 (inverse
isotope effects for N* and NP).

Level of | Skewness

Model error® 2 R2b:¢ pP Th en-bulk ° (%o) KIE 1SNPulk b KIE SN®® KIE SNP P
Actual None No NA 0.505 £ NA 0.49998 + 4¢-08 9 20 £+ NA 0.9804 + NA 0.9706 + NA 0.9903 + NA
No 0.95+0.02 0.505 £ 1e-04 0.49998 + 4¢-07 19.83+1.27 | 0.9806+0.0012 | 0.9708 £0.0012 | 0.9905 + 0.0012
Low Left 0.94 £0.02 0.505 + 1e-04 | 0.49998 = 4.1e-07 19.8+1.3 | 0.9806+0.0013 | 0.9708 +£0.0012 | 0.9905 +0.0013
Right 0.94 £0.02 0.505+ 1e-04 | 0.49998 +4.1e-07 19.83£1.31 | 0.9806+0.0013 | 0.9708 £0.0013 | 0.9905 +0.0013
ded No 0.75+0.09 0.505 + 3e-04 | 0.49998 + 9.9¢-07 19.31£294 | 0.9811£0.0028 | 0.9713 +0.0028 0.991 £+ 0.0029
lf:;:lgs . Medium Left 0.74+0.1 0.505 + 3e-04 | 0.49998 + 1.02e-06 19.224+£298 | 0.9811 £0.0029 | 0.9714 +0.0029 0.9911 +0.003
Right 0.74+0.1 0.505 + 3e-04 | 0.49998 + 1.01e-06 19.42+3 0.981+£0.0029 | 0.9712 +0.0029 0.9909 + 0.003
No 0.45+0.16 0.505 £ 5e-04 | 0.49998 + 2.01e-06 18.59+£5.71 | 0.9818 +£0.0055 0.972 £0.0056 | 0.9917 +£0.0056
High Left 0.43+0.17 0.505 £ 5e-04 | 0.49998 + 2.03e-06 183+5.59 | 0.9821+0.0054 | 0.9724 +0.0054 | 0.9919 +0.0056
Right 0.43+£0.16 0.505 + 6e-04 | 0.49998 + 2.06e-06 18.69+5.72 | 0.9817+0.0055 | 0.9719+0.0055 | 0.9917 +0.0057
No 0.95+0.02 0.505 £ 1e-04 0.49998 + 4e-07 19.83 £1.27 | 0.9806+0.0012 | 0.9708 £0.0012 | 0.9905 +0.0012
Low Left 0.94 +0.02 0.505 + 1e-04 | 0.49998 +4.1e-07 19.8+1.3 | 0.9806+0.0013 | 0.9708 +£0.0012 | 0.9905 +0.0013
Right 0.94 +0.02 0.505 + 1e-04 | 0.49998 +4.1e-07 19.83+1.31 | 0.9806+0.0013 | 0.9708 +0.0013 | 0.9905 +0.0013
ded No 0.75+0.09 0.505 + 3e-04 | 0.49998 + 9.9e-07 19.31£294 | 0.9811 £0.0028 | 0.9713 +£0.0028 0.991 £+ 0.0029
lf:;:lgz 5 Medium Left 0.74+0.1 0.505 + 3e-04 | 0.49998 + 1.02e-06 19.224+£298 | 0.9811 £0.0029 | 0.9714 +0.0029 0.9911 +0.003
Right 0.74+£0.1 0.505 +3e-04 | 0.49998 + 1.01e-06 1942 +£3 0.981+£0.0029 | 0.9712 +0.0029 0.9909 + 0.003
No 0.45+0.16 0.505 £ 5e-04 | 0.49998 + 2.01e-06 18.59+5.71 | 0.9818 +£0.0055 0.972 £0.0056 | 0.9917 £0.0056
High Left 0.43+£0.17 0.505 £ 5e-04 | 0.49998 + 2.03e-06 183+5.59 | 0.9821+0.0054 | 0.9724 +0.0054 | 0.9919 +0.0056
Right 0.43+0.16 0.505 + 6e-04 | 0.49998 + 2.06e-06 18.69+5.72 | 0.9817+0.0055 | 0.9719 £0.0055 | 0.9917 + 0.0057
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2 See Table 2 for details.

b Average value + standard deviation calculated from 1000 simulated datasets.

¢ Average R? value for linear regression of 5°N® against [-fInf/(1-f)] (using standard Rayleigh equation) calculated from 1000 R? values generated from 1000
simulated datasets.

d Standard deviation for the T values from the no-error dataset. T was calculated for each value of f using Eq. (24).
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Table S13. Precision and accuracy of values calculated with the Expanded Rayleigh model using simulated datasets derived from Dataset 5 (normal
isotope effect for N¢, no isotope effect for NF).

Level of | Skewness

Model error? a R2b:¢ pP TP exbuik ® (%o) | KIE 'SNbulk b KIE 'SN¢ P KIE "SNP P
Actual None No NA 0.4898 +8e-08 ¢ |  0.50004 = 9¢-08 ¢ 220+ NA 1.0204 + NA 1.0417 £ NA 1 £NA
No 0.95+0.02 0.4898 + 1e-04 | 0.50004 +4.1e-07 | -19.78+1.27 | 1.0202+0.0013 | 1.0414+0.0014 | 0.9998 +0.0013
Low Left 0.94 +0.02 0.4898 + 1e-04 0.50004 + 4e-07 | -19.79+1.28 | 1.0202+0.0013 | 1.0415+0.0014 | 0.9998 +0.0013
Right 0.94 +0.02 0.4898 + 1e-04 0.50004 + 4e-07 | -19.83+1.26 | 1.0202+0.0013 | 1.0415+0.0014 | 0.9998 +0.0013
ded No 0.75 £ 0.09 0.4898 + 3e-04 0.50004 £ 1e-06 | -19.18+£2.95 | 1.0196+0.0031 | 1.0408 +0.0032 | 0.9992 =+ 0.0031
}f:;:lgz | Medium Left 0.74£0.1 0.4898 + 3e-04 | 0.50004 £ 1.02¢-06 | -19.32+3.05 | 1.0197 +0.0032 1.041 £0.0033 | 0.9993 +0.0032
Right 0.74£0.1 0.4898 + 3e-04 0.50004 + 1e-06 | -19.35+3.01 | 1.0197 +0.0031 1.041 £0.0033 | 0.9994 +0.0031
No 0.44+0.17 0.4898 + 6¢-04 | 0.50004 +2.05¢-06 | -18.24+5.75 1.0186 +0.006 | 1.0398 +0.0063 | 0.9982 +0.0059
High Left 0.43+0.17 0.4898 + 5¢-04 0.50004 + 2e-06 | -18.57+5.61 1.019 + 0.0058 1.0403 +0.006 | 0.9985 +0.0058
Right 0.43+0.17 0.4899 + 6e-04 | 0.50004 £2.05¢-06 | -18.36+5.68 | 1.0187+0.0059 | 1.0399 +0.0061 | 0.9984 +0.0059
No 0.95 +0.02 0.4898 + 1e-04 | 0.50004 +4.1e-07 | -19.78+1.27 | 1.0202+0.0013 | 1.0414+0.0014 | 0.9998 +0.0013
Low Left 0.94 £0.02 0.4898 + le-04 0.50004 + 4e-07 | -19.79+1.28 | 1.0202+0.0013 | 1.0415+0.0014 | 0.9998 +0.0013
Right 0.94 £ 0.02 0.4898 + le-04 0.50004 + 4e-07 | -19.83+1.26 | 1.0202+0.0013 | 1.0415+0.0014 | 0.9998 +0.0013
ded No 0.75 £ 0.09 0.4898 + 3e-04 0.50004 £ 1e-06 | -19.18+2.95 | 1.0196+0.0031 | 1.0408 +0.0032 | 0.9992 =+ 0.0031
}f:;a;gz 5 Medium Left 0.74£0.1 0.4898 + 3e-04 | 0.50004 = 1.02¢-06 | -19.32+3.05 | 1.0197 +0.0032 1.041 £0.0033 | 0.9993 +0.0032
Right 0.74+0.1 0.4898 + 3e-04 0.50004 + 1e-06 | -19.35+3.01 | 1.0197 +0.0031 1.041 £0.0033 | 0.9994 +0.0031
No 0.44+0.17 0.4898 + 6e-04 | 0.50004 +2.05¢-06 | -18.24+5.75 1.0186£0.006 | 1.0398 £0.0063 | 0.9982 +0.0059
High Left 0.43+0.17 0.4898 + 5¢-04 0.50004 + 2e-06 | -18.57+5.61 1.019 + 0.0058 1.0403 +£0.006 | 0.9985 +0.0058
Right 0.43+0.17 0.4899 + 6e-04 | 0.50004 £2.05¢-06 | -18.36+5.68 | 1.0187+0.0059 | 1.0399 +0.0061 | 0.9984 +0.0059
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2 See Table 2 for details.

b Average value + standard deviation calculated from 1000 simulated datasets.

¢ Average R? value for linear regression of 5°N® against [-fInf/(1-f)] (using standard Rayleigh equation) calculated from 1000 R? values generated from 1000
simulated datasets.

d Average value * standard deviation for the p or t values from the no-error dataset. t was calculated for each value of fusing Eq. (24). p was calculated for each

value of f using Eq. (23); see SI section “Calculation of §*5N?, NP, and p when en. Or en-g is equal to 0 (e.g., Simulated Datasets 1 and 5)” for details.
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Table S14. N2O concentrations and 8*°N°“¥ values (reported) and values of 3'°N?, 8°NF (back-calculated) for N2O production from NH20OH by M.
trichosporium replicate B [isotopic data previously published, modified from (Sutka et al., 2006)].

Previously reported by Sutka et al., 2006 Back-calculated
Time [N2O]  &'SNpulk SN S15NP
(min.) (uM) (%0)  SP (%) | f (%0) (%0)
95 12.7 5.2 34.9 | 0.81 22.7 -12.3
155 19.5 5.0 33.3|0.70 21.7 -11.7
195 23.3 4.7 35.1 | 0.65 22.3 -12.9
290 30.8 4.2 35.0 | 0.53 21.7 -13.3
330 30.9 4.2 35.0 | 0.53 21.7 -13.3
450 38 3.9 34.410.42 21.1 -13.3
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Table S15. Comparison of values calculated for the standard and Expanded Rayleigh models for N2O production from NH2OH by an axenic culture of
M. trichosporium (Methylocystis sp.). Values were calculated using isotopic data previously published for M. trichosporium replicate B (Sutka et al., 2006).

615N50 615N50
measured | calculated
Model R22a b ac pe T en-bulk © (%0) KIE 15NPulk ¢ KIE 5N¢ ¢ KIE 15NF ¢
Standard ¢ 0.98 -2.3 05+0.3 NA NA 5.32+0.4 | 0.9947 +4e-04 | 0.9952 + 0.0015 | 0.9942 + 0.0021
Expanded1°¢ | 0.98 -2.3 0.5+0.3 | 0.5086 + 1e-04 0.49997 + 2.6e-07 5.32+0.4 | 0.9947 +4e-04 | 0.9779 £4e-04 | 1.0121 +4e-04
Expanded2°¢ | 0.98 -2.3 0.5+0.3 | 0.5086 + 1e-04 0.49997 + 2.6e-07 5.32+0.4 | 0.9947 +4e-04 | 0.9779 £4e-04 | 1.0122 + 4e-04

2 Value from linear regression of Nk against [-fInf/(1-f)] (using standard Rayleigh equation, Eq. (2)). (The calculated value of §:°N*C is the intercept of Eq. (2)).
b Experimentally measured 6*°N value for NH,OH (Sutka et al., 2006)
¢ Calculated value + standard error.

4 KIE values were calculated from en-puik, En-a, OF en-p values obtained via linear regression of 3*SNPUK 55N or §*°NP against [-fInf/(1-f)]).

¢ For the Expanded Rayleigh model, an-buik was determined with the standard Rayleigh approach, p was determined via nonlinear regression (nonlinear model 1
or 2, Eq. (29) or Eq. (30)), and T was determined by averaging NN for every step of the reaction. Then an-, and an-g Were calculated with Eq. (21) or Eq.
(22) and converted to KIE values using Eq. (10).
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Table S16. N2O concentrations and product & values (8*°N°“'%, §°N“, and '°NF) reported for N2O production from NO by purified Histoplasma capsulatum
(fungal) P450 NOR TJisotopic data previously published (Yang et al., 2014)].

Time  [N.O]

Replicate  (min.)  (nmol/mL) f SISNbulk — §ISN® S15NP SP
A 5 12.24 0.87 -37.68  -30.08 -45.26 15.18
A 8 17.07 0.81 -37.89  -29.18 -46.57 17.39
A 11 19.16 0.79 -37.51 -29.5 -45.49 16
A 14 22.82 0.75 -37.23 -29.5 -44.93 15.44
A 17 24.71 0.73 -37.92 -28.08 -47.69 19.61
A 20 28.74 0.68 -38.43 -28.52 -48.25 19.73
A 23 27.32 0.70 -38.55 -28.4 -48.72  20.32
A 26 27.87 0.69 -38.98 -28.05 -49.92  21.87
A 32 35.02 0.62 -37.92  -27.09 -48.76  21.68
A 38 37.23 0.59 -39.04  -27.23 -50.85 23.62
A 51 43.73 0.52 -39.05  -27.08 -51.02  23.95
A 61 43.9 0.52 -39.43 -26.81 -52.07  25.26
A 71 46.38 0.49 -39.37 -27 -51.75 24.75
B 11 18.13 0.80 -38.68  -31.03 -46.32 15.29
B 14 17.4 0.81 -38.85 -29.37 -48.25 18.88
B 17 21.99 0.76 -38.76  -29.04  -48.41 19.37
B 20 26.36 0.71 -39.45 -30.01 -48.82 18.81
B 26 30.16 0.67 -40.14  -30.24  -49.74 19.5
B 29 32.78 0.64 -39.75  -29.51 -49.76  20.25
B 31 35.95 0.60 -40.22 -28.88 -51.46  22.57
B 34 36.22 0.60 -40.22 -29.4 -50.93  21.53
B 38 36.38 0.60 -40.33 -29 -51.56  22.56
B 41 39.27 0.57 -40.42  -28.64  -52.22 2358
B 51 43.62 0.52 -40.82 -28.42 -53.38  24.96
B 61 45.26 0.50 -40.75 -28.11 -53.62  25.51
B 71 47.92 0.47 -41.05  -28.02  -5439  26.36
C 11 20.33 0.78 -37.7 -30.22 -45.16 14.93
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14
17
20
23
26
29
32
35
38
41
51
71

20.69
25.06
29.43
27.55
31.08
32.21
35.06
36.1
37.5
38.41
44.06
52.38

0.77
0.72
0.68
0.70
0.66
0.65
0.61
0.60
0.59
0.58
0.52
0.42

-38.5
-38.89
-38.85
-39.56
-39.33
-39.73
-39.43
-39.88
-39.78
-40.13
-40.16
-40.17

-29.12
-28.34
-29.22
-27.56
-27.5
-27.18
-26.74
-26.4
-27.26
-27.29
-26.82
-25.79

-47.8
-49.36
-48.4
-51.68
-51.28
-52.39
-52.24
-53.48
-52.42
-53.1
-53.63
-54.67

18.67
21.01
19.19
24.12
23.78
25.21
25.5
27.08
25.16
25.81
26.81
28.88
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Table S17. Comparison of values calculated for the standard and Expanded Rayleigh models for N2O production from NO by purified Histoplasma

capsulatum (fungal) P450 NOR [calculated using previously published isotopic data (Yang et al., 2014)].

Extent of S5Ns0
reaction calculated 2
Model | Replicate [f value(s)] R?3 (%o0) T en-bulk (%o) KIE 5SNPulk KIE °*N¢* KIE NP
A all 0.49-0.87 0.68 -44.72 NA NA 7.81 0.9922 1.0134 0.9718
Standard B all 0.47-0.81 | 0.94 -48.32 NA NA 10.63 0.9895 1.0094 0.9690
° C all 0.42-0.78 0.69 -46.39 NA NA 8.87 0.9912 1.0154 0.9673
Avg = SD all NA NA NA NA NA 9.1+£142° 0.9910 £ 0.0014 ¢ | 1.0127 £0.0030 ¢ | 0.9694 + 0.0022 °©
A early 0.81 NA -44.72 NA NA 7.59 0.9925 1.0132 0.9724
A early 0.79 NA -44.72 NA NA 8.14 0.9919 1.0138 0.9708
Standard B early 0.8 NA -48.32 NA NA 10.79 0.9893 1.0103 0.9680
d B early 0.81 NA -48.32 NA NA 10.55 0.9896 1.0084 0.9702
C early 0.78 NA -46.39 NA NA 9.88 0.9902 1.0168 0.9642
C early 0.77 NA -46.39 NA NA 9 0.9911 1.0155 0.9669
Avg = SD | early NA NA NA NA NA 933+£1.3° 0.9908 +£ 0.0013 ¢ | 1.0130+0.0031°¢ | 0.9687 +0.003 ©
A late 0.52 NA -44.72 NA NA 8.01 0.9921 1.0138 0.9710
A late 0.52 NA -44.72 NA NA 7.49 0.9926 1.0134 0.9724
A late 0.49 NA -44.72 NA NA 7.81 0.9923 1.0141 0.9711
Standard B late 0.52 NA -48.32 NA NA 10.58 0.9895 1.0093 0.9693
‘ B late 0.5 NA -48.32 NA NA 10.89 0.9892 1.0090 0.9690
B late 0.47 NA -48.32 NA NA 10.81 0.9893 1.0092 0.9690
C late 0.52 NA -46.39 NA NA 8.83 0.9912 1.0160 0.9669
Avg + SD | late NA NA NA NA NA 92+151°¢ 0.9909 + 0.0015°¢ | 1.0121 +£0.0029 ¢ | 0.9698 + 0.0018 ©
A early 0.81 0.68 -44.72 0.5045 0.49998 7.81 0.9922 0.9833 1.0013
A early 0.79 0.68 -44.72 0.5041 0.49999 7.81 0.9922 0.9841 1.0006
Expanded B early 0.80 0.94 -48.32 0.5040 0.49999 10.63 0.9895 0.9817 0.9974
' B early 0.81 0.94 -48.32 0.5049 0.49998 10.63 0.9895 0.9798 0.9993
C early 0.78 0.69 -46.39 0.5039 0.49999 8.87 0.9912 0.9836 0.9990
C early 0.77 0.69 -46.39 0.5049 0.49998 8.87 0.9912 0.9816 1.0010

S29




49998 *
Avg+SD | early | NA NA NA | 0.5044 + 5e-04 ¢ (1).532?086 e NA NA | 0.9823+0.0016 ° | 0.9998 + 0.0015 ¢
A late | 052 | 068 -44.72 0.5062 0.49998 7.81 0.9922 0.9800 1.0048
A late | 052 | 068 -44.72 0.5065 0.49998 7.81 0.9922 0.9794 1.0055
A late | 049 | 068 -44.72 0.5064 0.49998 7.81 0.9922 0.9796 1.0052
Expanded B late | 052 | 0.94 -48.32 0.5064 0.49998 10.63 0.9895 0.9769 1.0024
f B late | 050 | 0.94 -48.32 0.5066 0.49998 10.63 0.9895 0.9766 1.0027
B late | 047 | 094 -48.32 0.5068 0.49998 10.63 0.9895 0.9762 1.0031
C late | 052 | 0.69 -46.39 0.5069 0.49998 8.87 0.9912 0.9776 1.0052
0.49998 * 8.3¢-
Avg£SD | late NA NA NA | 0.5066 =+ 2¢-04 ¢ 07° NA NA | 0.9781+0.0016 ° | 1.0041 +0.0013 ¢

2 Values were calculated by analyzing each replicate separately (13 observations/replicate) via linear regression of 8NP against [-fInf/(1-f)] (using the standard
Rayleigh equation, Eq. (2)). (The calculated value of §*°N*C is the intercept of Eq. (2) when y = §'5N®k) For each individual observation listed for the standard or
Expanded Rayleigh model, the corresponding standard Rayleigh value from the appropriate replicate is listed.

b KIE values were calculated from enbulk, €n-a, OT n-p Values obtained via linear regression of §1NPUK| 15N, or §'NP against [-fInf/(1-f)]). The standard Rayleigh
model values presented here differ slightly from the previously published values (Yang et al., 2014) due to our exclusion of the earliest observation(s) from each
replicate (i.e., observations with the highest values of f were excluded).

¢ Average value + standard deviation calculated for values from three separate replicates (13 observations/replicate) using the standard Rayleigh model.

d For the standard Rayleigh model applied to individual observations, en-buik, €n-a, OF en-p Values were determined using Eq. (S24); the y-intercept listed in that
equation corresponds to the y-intercept of *°NPU, 15N, or §*°NP plotted against [-fInf/(1-f)] (determined by linear regression of the data from each replicate).

¢ Average value * standard deviation calculated for values from for six (early) or seven (late) individual observations using the standard or Expanded Rayleigh
model. Individual early-reaction or late-reaction values from all three replicates were pooled and averaged.

fFor the Expanded Rayleigh model, bulk values (cin-buik, En-buik, and KIE °NPU) were determined by analyzing each replicate separately (13 observations/replicate)
with the standard Rayleigh approach. Values of p and t were calculated for each observation using Eq. (23) (p = >N%/*N®) and Eq. (24) (t = **N%*N°"%), Then

an-o and on-p Were calculated for each individual observation with Eq. (21) or Eq. (22) and converted to KIE values using Eqg. (10).
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Dataset 2: Normal KIE'°N®, Normal KIE'°N"
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Figure S1. Example datasets derived from Dataset 2 with varying levels of error and types of skewness.
Each panel shows a single dataset (representative of 1000 simulated datasets) consisting of three replicates with

five timepoints each. All graphs were derived from Dataset 2 (°N** = 0%, en-bulk = -20%0 (KIE °NtUk =1,0204),
KIE ®N* = 1.0103, and KIE *>NP = 1.0308). Each level of error and type of skewness is described in Table 2.
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Dataset 3: Inverse KIE15N“, Normal KIE'°N®
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Figure S2. Example datasets derived from Dataset 3 with varying levels of error and types of skewness.

Each panel shows a single dataset (representative of 1000 simulated datasets) consisting of three replicates with
five timepoints each. All graphs were derived from Dataset 3 (§°N** = 0%, en-buik = -20%0 (KIE 1°NtUk =1,0204),
KIE N* = 0.9810, and KIE °NF = 1.0631). Each level of error and type of skewness is described in Table 2.
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Dataset 4: Inverse KIE15N“, Inverse KIE'°N"
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Figure S3. Example datasets derived from Dataset 4 with varying levels of error and types of skewness.
Each panel shows a single dataset (representative of 1000 simulated datasets) consisting of three replicates with

five timepoints each. All graphs were derived from Dataset 4 (8 °N*0 = 0%, en-buik = 20%0 (KIE SNPU'k = 0.9804),
KIE ®N* = 0.9706, and KIE >N = 0.9903). Each level of error and type of skewness is described in Table 2.
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Dataset 5: Normal KIE'°N®, No KIE'°N?
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Figure S4. Example datasets derived from Dataset 5 with varying levels of error and types of skewness.

Each panel shows a single dataset (representative of 1000 simulated datasets) consisting of three replicates with
five timepoints each. All graphs were derived from Dataset 5 (5°N** = 0%, en-bulk = -20%0 (KIE 5Ntk =1,0204),
KIE ®N* = 1.0417, and KIE **NP = 1.0000). Each level of error and type of skewness is described in Table 2.
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(a) Dataset 2: Normal KIE°N”, Normal KIE'°N"
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Figure S5. Dataset 2: Comparison of the accuracy and goodness of fit of the standard Rayleigh model and
Expanded Rayleigh models 1 and 2.

A. Comparison of the accuracy of KIE *N® and KIE NP values. For each model, the absolute relative
difference for KIE ®N® and KIE *NF values (average for 1000 simulated datasets derived from Dataset 2) are
shown. Actual values for Dataset 2: 8 °N*0 = 0%o, en-buik = -20%0 (KIE SNPU'k = 1,0204), KIE **N* = 1.0103, and
KIE NP = 1.0308. Absolute relative difference (Eq. (31)) is the absolute value of the difference between the
estimated value and actual value divided by the actual value (|(estimate — actual)/actual|). B. Comparison of the
average RMSE values for each set of 1000 simulated datasets derived from Dataset 2. Both the standard
Rayleigh model and the Expanded Rayleigh model (1 and 2) use 8'N°“' as the dependent variable, so average
RMSE values can be compared directly. Lower RMSE values indicate a better goodness of fit. At each error
level (low, medium, and high), the absolute relative difference value (A) or average RMSE (B) is depicted with
a symbol that represents skewness type as shown in the legend. Note that in most cases these symbols overlap.
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(a) Dataset 3: Inverse KIE15N“, Normal KIE'°N"
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Figure S6. Dataset 3: Comparison of the accuracy and goodness of fit of the standard Rayleigh model and
Expanded Rayleigh models 1 and 2.

A. Comparison of the accuracy of KIE *N°® and KIE NP values. For each model, the absolute relative
difference for KIE ®N® and KIE *NF values (average for 1000 simulated datasets derived from Dataset 3) are
shown. Actual values for Dataset 3: N0 = 0%o, en-buik = -20%0 (KIE SNPU'k = 1,0204), KIE **N* = 0.9810, and
KIE *NP = 1.0631. Absolute relative difference (Eq. (31)) is the absolute value of the difference between the
estimated value and actual value divided by the actual value (J(estimate —actual)/actual]). B. Comparison of the
average RMSE values for each set of 1000 simulated datasets derived from Dataset 3. Both the standard
Rayleigh model and the Expanded Rayleigh model (1 and 2) use 8'N°“' as the dependent variable, so average
RMSE values can be compared directly. Lower RMSE values indicate a better goodness of fit. At each error
level (low, medium, and high), the absolute relative difference value (A) or average RMSE (B) is depicted with
a symbol that represents skewness type as shown in the legend. Note that in most cases these symbols overlap.
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(a) Dataset 4: Inverse KIE'°N’, Inverse KIE'°N”
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Figure S7. Dataset 4: Comparison of the accuracy and goodness of fit of the standard Rayleigh model and
Expanded Rayleigh models 1 and 2.

A. Comparison of the accuracy of KIE *N® and KIE NP values. For each model, the absolute relative
difference for KIE ®N® and KIE *NF values (average for 1000 simulated datasets derived from Dataset 4) are
shown. Actual values for Dataset 4: §°N% = 0%, en-bulk = 20%0 (KIE °NPUk = 0.9804), KIE >N* = 0.9706, and
KIE NP = 0.9903. Absolute relative difference (Eq. (31)) is the absolute value of the difference between the
estimated value and actual value divided by the actual value (J(estimate — actual)/actual]). B. Comparison of the
average RMSE values for each set of 1000 simulated datasets derived from Dataset 4. Both the standard
Rayleigh model and the Expanded Rayleigh model (1 and 2) use 8'N°“' as the dependent variable, so average
RMSE values can be compared directly. Lower RMSE values indicate a better goodness of fit. At each error
level (low, medium, and high), the absolute relative difference value (A) or average RMSE (B) is depicted with
a symbol that represents skewness type as shown in the legend. Note that in most cases these symbols overlap.
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(a) Dataset 5: Normal KIE'*N®, No KIE'°N"
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Figure S8. Dataset 5: Comparison of the accuracy and goodness of fit of the standard Rayleigh model and
Expanded Rayleigh models 1 and 2.

A. Comparison of the accuracy of KIE *N°® and KIE NP values. For each model, the absolute relative
difference for KIE ®N® and KIE *NF values (average for 1000 simulated datasets derived from Dataset 5) are
shown. Actual values for Dataset 5: N0 = 0%o, en-buik = -20%0 (KIE SNPU'k = 1,0204), KIE **N® = 1.0417, and
KIE *NP = 1.0000. Absolute relative difference (Eq. (31)) is the absolute value of the difference between the
estimated value and actual value divided by the actual value (J(estimate —actual)/actual]). B. Comparison of the
average RMSE values for each set of 1000 simulated datasets derived from Dataset 5. Both the standard
Rayleigh model and the Expanded Rayleigh model (1 and 2) use 8'N°“' as the dependent variable, so average
RMSE values can be compared directly. Lower RMSE values indicate a better goodness of fit. At each error
level (low, medium, and high), the absolute relative difference value (A) or average RMSE (B) is depicted with
a symbol that represents skewness type as shown in the legend. Note that in most cases these symbols overlap.
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