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Supporting Information: Intermolecular Background
Decay in RIDME Experiments
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1. Detailed author contribution statement

This work consisted of an initial set of RIDME background measurements
for GA(III) and Mn(II) (1st set), the study of RIDME background depen-
dencies on the transverse evolution delay times for metal complexes and spin
labeled protein samples, the derivation of the theoretical model, the final
set of RIDME background measurements on metal complexes, demonstrat-
ing the features of the derived equations (2nd set), and the set of RIDME
background measurements on spin labeled protein samples. The 1st set was
designed by M.Y. and A.S., the 2nd set was designed by M.Y. and K.K.
The RIDME background measurements for the 1st and 2nd set were per-
formed by K.K. The dependency of the RIDME background on transverse
evolution delay times was discovered and investigated by K.K. and [.R. The
measurements on spin labeled protein samples were performed by K.K. The
theoretical description was derived by M.Y. The fitting of the RIDME data
was performed by K.K., the error analysis was performed by K.K. and M.Y.
The spin-labeled protein sample was prepared by C.G. The synthesis route
was designed and the PyMTA complexes of Cu(II), Gd(III) and Mn(II) were
synthesized by M.Q. and A.G. The data were discussed and the manuscript
was written with contributions from all authors.
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2. Synthesis of Cu-PyMTA

0 2
/—COy //u\oo
N NP
MeO — —COy MeO { V0
= N *nH* e mNat ——> = _N--Cliy  Naw
/—COy = f
N N&,
\_COQ- \\nzo
o)
MOMethynyl-(H,NanPyMTA) Nas[MOMethynyl-{Cu'(PyMTA)}]

Figure SI 1: Synthesis route of Cu-PyMTA.

Na;[MOMethynyl-{Cu”(PyMTA)}]. MOMethynyl-(H,Na,, PyMTA)[1]

(2.652 mg, contains 5.45 pmol of the structural motif [(4-MOMethynyl-
H,PyMTA) - 4 H"|*~ as determined by quantitative "H NMR spectroscopy)|[2]
was dissolved in DO (500 pL). A solution of CuCly in DO (0.05 M, 103.6
puL, 5.18 pmol), which had a very pale blue colour, was added whereupon
the colour of the solution changed to blue. A solution of NaOD in D,O
(0.10 M, 150 pL, 15 pmol) was added to rise the pH of the solution to pH
8.2. The solution was diluted with D,O (336.8 pL) to obtain a 5 mM solu-
tion of Nay[MOMethynyl-{Cu™(PyMTA)}] in D;0O containing NaCl. Mass-
spectroscopy (ESI) shows the corresponding peaks: m/z = 247.8 [M - 2Nal?~,
217.3 [(4-MOMethynyl-F,PyMTA) - 2H]>-.

3. Examples of the fitting procedure

RIDME traces were fitted by a stretched exponential function (SE model)
of the form c - exp(—(kt)¥3), a sum of two stretched exponential func-
tions (SSE model) of the form ¢, - exp(—(kat)%/3) + c; - exp(—(kyt)®/3) or
a product of two stretched exponential functions (PSE model) of the form
c-exp(—(kqt)%/3) . exp(—(kyt)%/3) using a nonlinear least-square fitting crite-
rion without prior normalization. The zero time point of the data traces was
set to the expected zero time of 120 ns due to the sequence settings used in
the RIDME experiment. The start point of the fitting routine was either set
to the zero time point or shifted forward, thus cutting out the echo crossing
artefact at zero time (see for example Figure SI 2). This allowed for esti-
mating an additional error, introduced by the mentioned artefact as well as
the variation of the stretched exponential parameters due to cut of an initial
part of the trace. Each such time trace was fitted by applying 20 different,
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random starting parameter sets, and the best set of k£ and d parameters out
of these 20 runs was selected. The 95% confidence of this fit (MATLAB
function 'nlparci’) was used to estimate the error. The best d and k set of
parameters was then computed as the average over the results for different
starting positions. The resulting error was taken as the largest error between
the single-start-time error estimate, and the width of the distribution of the
best-fit values over the range of starting positions. If a later starting point
resulted in a significantly poorer fit, it was not taken into account for cal-
culating the average value of d as well as k. Similarly, if there was a clear
mismatch of the initial region for the fit starting at the zero time point due
to a strong echo crossing artefact, those data points were excluded. Figure
SI 2 and 3 show two typical examples of such a fitting routine.

If the data trace was not decayed to at least the 1/e value, errors were
approximately estimated by manually varying d and adjusting k according
to {(k . tmax)(d/dvaf)/tmax}, to match the best fit curve at the last time point.
This was done because the largest error in fitting such short traces appears
due to the correlated change of d and k, which is not catched by the 'nlparci’
function. This approach must still have somewhat underestimated the errors
for d and k, but it resulted in larger error bars than the gradient-based
calculation for short RIDME background decay traces. We assume that these
estimates are comparable to the actual error bars in RIDME background fits.
The ultimately accurate error estimation would include the analysis of the
local Hessian matrices, which would be computationally too expensive for
such large sets of data. This is also the reason why such a procedure is not
offered in the MATLAB package.
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Figure SI 2: RIDME background fits for 100 uM Gd-PyMTA in deuterated matrix at 10
K in W band. Ty = 41 ps, di = 0.4 us, do = 3.2 pus. Top: Fit by SE model; Middle:
Fit by SSE model; Bottom: Fit by PSE model. From left to right: increasing time of the
fitting starting point after zerotime. Note measurement are scaled to maximum intensity
excluding the zero-time artefact.



1
x
@
£ JR—
@ 05 _ﬁf‘a SE model
171 —res x10
0 M
1
§ .
0.5 ~.
% components SSE model
& . of SSE model
0 e i e Ut by Auavaes ae
1
g
0.5
2 PSE model
P s ,
2 4 6 4 4
t/ us t/ us t/ us

Figure SI 3: RIDME background fits for 100 uM Gd-PyMTA at 10 K in W band. Ty,x = 97
us, dp = 10 us, do = 10.2 us. Top: Fit by SE model; Middle: Fit by SSE model; Bottom:
Fit by PSE model. From left to right: increasing time of the fitting starting point after
zerotime.
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4. Influence of the detection position in RIDME background de-
cays

Moving the detection position away from the center of the Gd(III) spec-
trum induces a faster background decay in RIDME measurement of 100 uM
Gd-PyMTA.
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Figure SI 4: Comparison of RIDME background decay of 100 uM Gd-PyMTA in W
band at various detection positions. Ty,ix = 65 us ~ T; By, corresponds to detection at
maximum of GAd(IIT) spectrum (purple lines), B; = By, —150 G (blue lines), Ba = B, — 750
G (green lines), (a) 30 K. (b-d) 10 K. Note measurement are scaled to maximum intensity
excluding the zero-time artefact.

It is accompanied by an increase of the characteristic decay rate k and
a decrease in the background dimensionality d, thus leading to more mono-
exponential functions. The effects diminish at longer dipolar evolution delays
dy > T, with T, being the transverse relaxation time of the outer

Mouter ? Mouter

Gd(III) transitions.



‘d,=400 ns ‘d,=3 us ‘d,=400 ns

d,= 3.2 us’ d,= 3.2 ys’ d,=10.2 ps’
(@) 6 (b) (c)
V. Bo e B B,

5 anednan Bm 82
o X KX ¢"0 () S

4 B e )

3
(d) 1 (e) (f)
o
205

0

0.5 1 1.5 05 1 1.5 0.5 1 1.5

Tmix/ T1 Tmix/ T1 7—mi></ 7—1

Figure SI 5: Comparison of the stretching exponent d (a-c) and decay rate k (d-f) versus
the relative mixing time Ty,ix /71 at given pulse sequence settings (left to right) for different
detection fields in W band at 10 K for 100 uM Gd-PyMTA in deuterated matrix. (a, d)
dy = 0.4 ps, do = 3.2 ps; (b, e) dy =3 us, do = 3.2 us; (¢, f) d = 0.4 ps, do = 10.2 ps.
By, corresponds to detection at maximum of Gd(III) spectrum (blue lines), By = By, +
150 G (purple lines), By = By, - 75 G (cyan lines), Bo = By, - 150 G (green lines), B; =
Bm - 750 G (yellow lines).

s 5. Additional Figures to Section 4.3

8 Figure SI 6 and SI 7 show decay rates k with enlarged axis scales as
s addition to main Figures 7 and 8, respectively.
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Figure SI 6: Comparison of decay rate constant k versus the relative mixing time Tiix /71
obtained from the analysis of experimental W-band RIDME decays in deuterated solvent
matrix at given pulse sequence settings (top to bottom) and spin concentration (left to
right). The measurement temperature is color encoded: blue 10 K, green 20 K, yellow 30
K.
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Figure SI 7: Comparison of decay rate constant k versus the relative mixing time Ty /71
obtained from the analysis of experimental W-band RIDME decays in deuterated solvent
matrix at given measurement temperature (top to bottom) and spin concentration (left
to right). The pulse sequence settings are color encoded: purple line (ss): dy = 0.4 us,
dy = 3.2 ps; dark blue line (Is): dy = 3 us, do = 3.2 ps; light blue line (sl): d; = 0.4 us,
dy = 10.2 ps and green line (11): d; = 10 us, da = 10.2 ps. At 30 K, the long dy values was
only set to 7.2 us and correspondingly dy to 7 us. At 20 K the green line (Im) corresponds
tody = 7 us, do = 7.2 us and the yellow line (sm) to d; = 0.4 us, do = 7.2 us. Cross
marks correspond to a short interpulse daly dy of 400 ns; circles to a long d; on the order
of dg.
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6. Background decay in Cu-/Mn-PyMTA complexes

For Cu-PyMTA and Mn-PyMTA similar observations as for Gd-PyMTA
were made. The best fits with a single stretched exponential function resulted
in stretching exponent values d between 3 and 6. As in case of Gd-PyMTA,
the d value was decreasing for longer dy values. There is also a slight trend
for decreasing d with increasing Trix /7.

The decay rate k is increasing with Tyix/77. As described in the main
text for GAd-PyMTA, k is reduced when the temperature, the delay dy, and/or
the delay d; are increased.
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Figure SI 8: Comparison of stretched exponential parameters d (left) and k (right) for
Cu(II)- and Mn(IT)-PyMTA each of 100 M spin concentration in deuterated matrix and
Q band. The sequence parameters were set as follows:

For Cu(II): short short (ss): dy = 0.4 us, da = 2 ps, long short (Is): dy =2 s, do = 2 us,
short long (sl): d; = 0.4 us, do = 5 ps, long long (11): di =5 us, do = 5 ps, short longer
(sll) dy = 0.4 us, dy =7 pus;

For Mn(II): short short (ss): di = 0.4 us, da = 2.2 s, short long (sl): dy = 0.4 ps, dy = 4.2
us, long long (11): dy =4 us, do = 4.2 ps, short longer (sll) d; = 0.4 us, do = 8.2 us.
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7. Background decay in spin-labeled protein mutant RRM34 Q388C

The differences in the background fitting parameters for deuterated and
protonated buffer solutions are shown in Figure SI 9 and SI 10. An in-
creasing proton content leads to an increase in the decay rate k. Further, the
decay rate k behaves as observed for the model compounds, with k increasing
with increasing mixing time. However, the increase of k is slow and almost
linear in the studied mixing time range due to the dominance of the ap-
proximately temperature-independent nuclear spin diffusion processes in the
studied range. The similarity of the k£ parameters at different measurement
temperatures further supports the assumption of temperature independence

of nuclear-spin processes in the studied range.
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Figure SI 9: Comparison of stretched exponential parameters d and k for RRM34 Q388C
Gd(IIT)-DOTA in W band. (a, ¢) in HoO buffer:glycerol-d8 with d; = 0.4 us, dy = 4.2
us, Ty e = 50 ps; (b, d) in D20 buffer:glycerol-d8 with d; = 0.4 ps, do = 10.2 us. (a, b)
stretched exponent d and (c, d) decay rate k.

The dimensionality d exhibits a more Gaussian-like decay shape for proton-
dominated environments. As for the decay rate k, the d parameters are very

11
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similar at different measurement temperatures. The dimensionality d is in-
creasing with increasing d; as observed in the metal-PyMTA samples. Con-
trary to the metal-PyMTA complexes, for the RRM34 sample the stretching
exponent d is reduced for longer dipolar evolution times ds (see Figure SI 10
(b)). However, it is important to note that traces of long dy were in most
cases cut to allow for a sufficiently good fit using a single stretched exponen-
tial function. Overall fits by a sum of two stretched exponential functions
were more suitable in the description of samples in deuterated buffer and
long dy as shown in Figure ST 10.
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Figure SI 10: Comparison of stretched exponential parameters d and k for RRM34 Q388C
Gd(ITI)-DOTA in W band. (a, c¢) in HyO buffer:glycerol-d8, T /ey = 50 us; (b, d) in D20
buffer:glycerol-d8, T(1/e) = 60 us. (a, b) stretched exponent d and (c, d) decay rate k.
The sequence parameters were set as follows: short short (ss): d; = 0.4 us, do = 4.2 pus,
long short (Is): dy = 4 us, do = 4.2 us, short long (sl): dq = 0.4 us, da = 5.2 (protonated
case) or 10.2 us (deuterated case), long long (11): dy = 10 ps, d2 = 10.2 us. Note that the
mixing time is normalized by the electronic relaxation times of GA(IIT). The near absence
of the changes in d and very weak changes in k for the changes in mixing time on the order
of electronic T} confirm that the nuclear-driven mechanisms play the major role in these
RIDME background shapes.
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8. Relation of relaxation times to trace settings

The pulse sequence settings used in the systematic study on Gd-PyMTA
at different spin concentration and measurement temperature are given in

Table 1.
short short (ss) | short long (sl) | long short (Is) | long long (11)
dy/us 0.4 0.4 3 10
dy/ s 3.2 10.2 3.2 10.2
d,/ds 8 5.5 1.07 1.02
(di + do) /s 3.6 10.6 6.2 20.2
(dy — dy)/pis 2.8 0.8 0.2 0.2

Table SI 1: Pulse sequence combinations for the systematic study on Gd-PyMTA.

The fitted relaxation times using a SE model, the ratio T;,/7; and their
121 relation to the dipolar evolution times dy are given in Table 2.

| Conc |T/K| Tn/ps | Ti/ps | Ti/Tw | doshort/Th | dojong/Th |
10 [2334+03[475+13] 2.04 0.07 0.22
25 uM | 20 |11.7+0.1|174+06| 1.48 0.18 0.59
30 | 62401 | 81+03 | 1.30 0.40 1.26
10 |222+02[41.3+09] 1.86 0.08 0.25
100 pM | 20 |11.7+0.1|1594+0.3| 1.36 0.20 0.64
30 | 72401 | 87+£02 | 1.21 0.37 1.17
10 [11.24+03[451+1.8] 4.03 0.07 0.23
500 M | 20 | 5.94+0.1 |1534+0.5| 259 0.21 0.67
30 | 47401 | 66+£03 | 1.40 0.48 1.55

Table SI 2: Relaxation times 73, and T; in ps from 10-30 K in W band for Gd-PyMTA
at different concentrations (25, 100, 500 uM). da short = 3.2 ©8; dajong = 10.2 ps.
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