L T

/

1\

=y

Supporting Information

Hansen and Kay 10.1073/pnas.1400577111
S| Materials and Methods

Sample Preparation

The products 1-methyl histidine and 3-methyl histidine were pur-
chased from Sigma Aldrich and suspended in 50 mM potassium
phosphate buffer, pH 8.2. Isotopically enriched protein samples
[wild-type Im7 and phospholiPase C-y1 (PLCCy) SH2 domain]
were produced with 3 g/L U-'3C glucose and 1 g/L "'NH,Cl as
the sole carbon and nitrogen sources, respectively, in protonated
M9 minimal media. Wild-type Im7 was expressed and purified as
described previously (1) with 6-7 mg protein fractions lyophi-
lized in water for storage and subsequently resuspended in Im7
NMR buffer (50 mM potassium phosphate, pH 5.5-8.0, 0.02%
azide, 95% H,0/5% D,0) before recording the NMR experi-
ments. The PLCCy SH2 domain was produced by protein over-
expression in BL21 Escherichia coli cells, 37 °C, to an OD of 0.8-
1.0 before induction with 1 mM isopropyl p-p-1-thiogalactopyr-
anoside. Protein expression was allowed to continue overnight
at 16 °C with a final OD of 1.5 immediately before harvesting.
Cells were pelleted at 6,000 x g for 20 min and resuspended in
25 mL lysis buffer (50 mM Mes pH 6.0, 50 mM NaCl, 1 mM
TCEP, 1 mM EDTA, 1 mM benzamidine, DNase I, lysozyme)
before storing at —20 °C overnight. Subsequently the cells were
thawed, lysed using a homogenizer, and pelleted at 30,000 x g for
20 min. PLCCy SH2 was purified from the soluble fraction by
cation exchange chromatography (GE Healthcare; HiTrap SP XL)
followed by buffer exchange into 50 mM sodium citrate pH 5.5
buffer, 100 mM NaCl, 1 mM tris(2-carboxyethyl)phosphine
(TCEP) for gel filtration (GE Healthcare; Hiload 10/60 Su-
perdex, 75 pg). The collected fractions were concentrated and
exchanged into NMR buffer (25 mM sodium arsenate, 25 mM
sodium citrate, pH 4-8, 1 mM TCEP). SH2 pH titrations were
performed by exchanging NMR samples into fresh buffer and
carefully measuring the pH before and after the experiments. All
samples used in the present studies were ~1.0-1.5 mM in protein.

NMR Spectroscopy

All NMR experiments were recorded at 10 °C (Im7) or 20 °C
(SH2) on Varian Inova spectrometers equipped with room-
temperature triple-resonance probes and pulsed-field gradient
capabilities. At each pH measured (both for Im7 and the PLCCy
SH2 domain) the following datasets were recorded at 11.7 T:
"H-">C heteronuclear single-quantum coherence (2) (for assign-
ment of *C,; and Cs, chemical shifts in the ground state),
'H-13C 1IPAP (3) (for measurement of T onte couplings of the
ground state), 'H-">N heteronuclear multiple-bond correlation (4)
(for measurement of N,; and N, chemical shifts, ground
state), and a 1H52-13CY plane (measured using the scheme of
Fig. S2C with T, = 0). 'H,, and '"Hg, chemical shifts, mea-
sured in the various experiments, were averaged (separately).

Details of the various chemical exchange saturation transfer
(CEST) experiments used in this study are provided in Table S2.
All experiments include a single reference plane, where 7, = 0,
to determine the longitudinal relaxation rate of the '*C spin in
question, that is required for data analysis (5). For each type of
CEST experiment, a pair of datasets with different weak B; field
strengths (applied during 7,,) was acquired with the fields dif-
fering typically by a factor of 2 to 4 (Table S2). We have found
that recording multiple CEST profiles in this manner helps en-
sure that accurate chemical exchange parameters are obtained,
even in the presence of additional fast exchange processes involving
the excited state (6). The specific B; field strengths and T,
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delays were chosen based on computer simulations of CEST pro-
files using rough estimates of the expected chemical exchange
properties. Optimal parameters were those (B;,T,;) pairs that re-
sult in the largest change in CEST profiles from a small change
in (prk..). Experimental B; field strengths were calibrated by
monitoring the intensity of an on-resonance signal as a function
T, as described previously (7). To have an accurate, indepen-
dent measure of the chemical exchange parameters, backbone
amide '’N CEST experiments (5) were acquired at pH 6.25 and
6.60. At lower pH values, the backbone spectra of Im7 become
prohibitively exchange-broadened so that '>N CEST datasets
cannot be analyzed.

An obvious issue relates to the signal-to-noise (S/N) ratio re-
quired for the accurate measurement of scalar coupling and
chemical shift values. In general, it is difficult to come up with a
single S/N number because this depends critically on the exchange
parameters (pp,k.,), chemical shift differences, effective line widths
of major and minor state dips in CEST profiles, number and
strengths of the B; fields used, spacing of each B; that defines the
CEST profile, and, of course, the accuracy that is needed. In the
present case where p; ~ 2%, ke, ~ 100 st (pH 6.3, 10 °C), simula-
tions show that a S/N of at least 150 is required in CEST profiles
for the measurement of accurate “J¢,, couplings (corresponding
to errors in CEST points on the order of 0.6% of the intensity of
the CEST baseline). We have therefore recorded all of our da-
tasets with a S/N > 150 (between ~150 and 300). Because a 1D
experiment (Fig. S24) was used, the acquisition times for H40
and H47 were optimized separately to achieve the desired
sensitivity, as indicated in Table S2. In general, the S/N re-
quired for measurement of chemical shifts is not as demanding,
however, here too we have recorded spectra (in this case using
the 2D schemes of Fig. S2 B and C) with S/N values on the order
of or greater than 100, that required ~20 h of measurement time
for each complete CEST dataset.

Data Analysis

NMR spectra were processed with the NMRPipe suite of pro-
grams (8). Basic peak-picking of the pH titration data and vi-
sualization were carried out with the Sparky program (9). Peak
intensities were extracted from the pseudo-3D CEST datasets by
fitting resonances to a Gaussian model using the nlinLS function
provided with NMRPipe, which uses common fitting parameters
of peak positions and line widths across the pseudodimension
corresponding to the position of the 1*C or °N carrier.
Numerical fitting of the CEST intensity profiles to a model of
two-site chemical exchange was carried out with an in-house Python
program, ChemEx (available from the authors upon request)
(10). In the case of proton-decoupled experiments, intensities
are calculated by evolving the density matrix of a single ex-
changing spin in Liouville space, as described previously (11, 12).
In this case only the evolution of in-phase X, Y, and Z mag-
netization of the ground and excited states need be considered.
In the case of U-""C-abeled proteins, the presence of multiplet
structure that arises from homonuclear *C-'*C couplings can be
accounted for by simulating each spectral line separately, assum-
ing that all lines relax identically (13), thus contributing no addi-
tional parameters to the fitting protocol. Fitting parameters
include five nucleus-specific values ({wy, Aw = w; — wx, Ry, Ro N,
AR, = Ry1 — RyN}), two global parameters ({key = kny + kyns
pr}), and a scaling factor (Iy) for each profile. Here, wyyy is the
native (intermediate) state chemical shift, R; is the longitudinal
relaxation rate for the exchanging spin that is assumed to be the
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same in each of the exchanging states (5, 6, 12), Rynq is the
transverse relaxation rate in the native (intermediate) state, and p; is
the fractional population of the intermediate state. In the analysis of
13Cs, CEST profiles, JC52C7 was set to 72 Hz (14, 15) (see below)
whereas in the analysis of * Q, datasets, the magnetlzatlon was split
into four components to additionally account for the “Jeyc, cou-
pling of 51 Hz (14). Note that the *C,; nucleus is “isolated” by the
two imidazole nitrogens; one-bond *C-'*C couplings are not rele-
vant, while the relatively small *C-">N couplings have not been
taken into consideration. Long-range couplings are also not con-
sidered in the analysis. Similarly, backbone amide "N CEST pro-
files are analyzed without inclusion of the one- and two-bond
couplings to neighboring backbone '*CO and '*C, nuclei.

Nitrogen CEST experiments are preferred over carbon-based
methods for estimating exchange parameters because of their
generally higher sensitivity, ease of analysis, and the abundance of
probes. However, for Im7 at low pH values the intermediate
population increases significantly (Fig. 4 4 and B) and the quality
of N-H spectra become severely degraded. Fortunately, his-
tidine *C,;-'H,; correlations for Im7 are well resolved and can
be quantified over the complete pH range studied. Here we have
used the scheme of Fig. $24 with the addition of 'H decoupling
during the CEST interval to obtain p; values. To evaluate the
accuracy of the extracted parameters from the *C-based ap-
proach, we have measured both '>C and "’N CEST profiles at
pH 6.6, where p; is sufficiently small so that 15N datasets can
still be quantified. Extracted chemical exchange parameters from
fits of the '>C dataset (ko = 321 + 1257, p; = 1.55 + 0.02%) agree
well with those obtained from the backbone amide CEST experi-
ment (k,, = 323 + 4 57", p; = 1.54 + 0.01%), albeit with slightly
elevated errors that reflect the limited number of probes used in
the fits. It is clear that robust measures can be obtained from
the 13C,;-'H, spin pair.

As described above, the analysis of 'H decoupled CEST pro-
files has been carried out using a procedure that is detailed in the
literature (5, 6, 13). In the experiment of Fig. S24 that is used to
obtain “Jep,, there is no 'H decoupling during the CEST in-
terval T, and a proper fit of the resulting CEST profiles must
naturally take into account magnetization evolution in a two-spin
Bc.lH system. In this case evolution of density elements, m, can
be expressed as

m(T) = ™ -m(0) [s1]

where m(O) is evaluated at the beginning of the CEST period,
and L is the Liouvillian matrix describing the evolution of the
"H-3C spin system. In principle, the Cartesian basis set for a
two-spin system undergoing two-site chemical exchange contains
30 elements, neglectlng the umty element (10, 16, 17). However,
in the absence of 'H pulses (as in the present case) terms related
to antiphase proton magnetization and multiple-quantum coher-
ences can be eliminated, leaving a much simpler 12-term basis set

2H,CL)'
[S2]

m = [CY,CY,CY,2H,CY,2H,Cy ,2H,Cy , Ck, ...

where A2 is the B component of 4 magnetization derived from
state D and superscript T denotes transpose. Note that the unity
element is not included as terms that are related to equilibrium
polarization are subtracted by the phase cycle of each of the
experiments. The Liouvillian can thus be written as

Lz[RN 06:|+|:_kNI kin

1 S3
0 R; knr _kIN:| ®le (53]
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where 0 (1¢) is the 6D null (identity) matrix, and the relaxation
submatrix, R;, describing the density elements in state j = {N,I} is
given by

Ré"R. w, ]C 0 nJTR . ”‘.IICsHe 0
_wlc Rig wi —a CsHe TR 0
R =— 0 —1 RZ 0 Nz
R zl 0 R ’ 0
TR /CeHe AP, e
-, ]CsH & ”TR 0 _wJC RIJ‘IP w1
0 0 Nz 0 —w1 RZZ

[S4]

Rygr, Rz, Ryp, and R, are the autorelaxatron rates of 13C trans-
verse, °C longitudinal, 1*C antlphase and ! C— H two-spin order
magnetization, respectively. *C-'H dipole-'*C chemical shift an-
isotropy cross-correlated relaxation that connects longitudinal
(transverse) and two-spin order (antiphase) elements is accounted
for by 1z (n7x). The carbon chemical shift offset from the carrier
frequency is denoted by w¢ (rad/s) and w; is the strength of the
B; field (rad/s) applied during T,;. The final fitting parameters
includes up to 11 nucleus-specific parameters, {wy, Aw, IJ’gst,
AJ = Jcsbg8 chHe, Rz, Rzz, nz, Rz,N, AR, = R2,1 - Rz,N, ﬂl}'R,
An=nkp —nyR}. Here we have assumed that terms such as 7,
and Rz, that are not well constrained by CEST profiles, do not
change between ground and excited states. An additional sim-
plification can be made whereby R, =R, + Rzz — Rz. Global
parameters {kewpr}, are held f1xed to values determined from
fits of the >N CEST experiments. In practice, the inclusion of
AR, and An is determined by fits of the data. In the present
application inclusion of these two parameters results in only a
modest improvement in the quality of the fit, and has therefore
been neglected. Importantly, the addition or removal of either of
these parameters has little effect on the extracted AJ values and
their uncertainties.

Error Analysis

Uncertainties in reported [ state pK, values were estimated from
1,000 Monte Carlo calculations (18) that included experimental
errors in measured “Jo.z. values, errors in measured pH values
(0.1 of a unit) and uncertainties in the J-coupling endpoints
(Eq. 1). The SD of the distribution of pK, values determined
in this manner is defined as the error. The 68% and 95% con-
fidence limits shown in Fig. 3 4 and B were calculated in a sim-
ilar manner by fitting “J¢. 7, values taking into account errors as
described above. Confidence limits were calculated from the
1,000 fitted “J¢,py, vs. pH profiles so produced. The distributions
shown in Fig. 4 B-D were obtained similarly, by including errors
in measured pH values and input 7 state pK,s (Fig. 4 B and C) or
rates [Fig. 4D, minimum error of 0.1 kJ/mol was applied to the
values of —RT In(k;)]. In Fig. 4C, however, the experimental data
were not fitted; as described in the text, AAGy_; was obtained in
two different ways and the agreement shown as a means of cross-
validation.

Fits of k;y/ky, Rate—pH Profiles to Extract pK, Values of
Histidine Residues in the Transition State

The rate of a reaction from A4 to B can be expressed using tran-
sition state (TS) theory (19) as,

kkgT . ( AGA—>TS>

kaop= 7 RT [S5]

where « is a transmission coefficient, kz and T are the Boltzmann
constant and absolute temperature, respectively, 4 is Plank’s
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constant, R is the gas constant, and AG4_rs is the difference in
free energy between state A and the TS. Combining Eq. S5 with
Eq. 2 of the main text gives

KkBT

—RT Inkjy = —RT]II( ) + AG(;—»TS

; [Se6]

L TS.m +

_RT E In Ka1m7+[H}
m=1 Ka’ + [H+]

where KP" is the acid dissociation constant of group m in state
P and the summation includes both H40 and H47 (i.e., i = 2).
Eq. S6 can be written as

PNAS

i TS.m +
—RTlIlkIN:C[N—RTZlII %
a

m=1

[87]

where Cpy is independent of pH. In a similar manner we can write
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; [S8]

! KTSm 4 [H*]

~RT) In |-
— \ K"+ [H

As discussed in the text, pKN"" < pH over the range of pH values
where the measurements are made. Thus, Eq. S8 becomes

—RTInky;=Cny —RT > In(K[5™ +[H*)) [S9]

m=1
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Fig. S1. pH titration profiles of H6 (blue), H13 (red), H23 (yellow), H57 (green), and H87 (purple) of the PLCCy SH2 domain. Solid lines in Upper are the result of
per-residue fits of AN = gy — wps1, whs2, and @y, as a function of pH to a single protonation event (single pK, for each histidine). Profiles are fit to Eq. 1
of the main text. The limiting AY™ value at high pH, Aﬁ;g;fas, (Qrign in Eq. 1) can be recast in terms of the populations of 5 and & tautomeric states in the limit
that only the neutral form of the imidazole ring is present, p™" and phi9h, according to the relation Apiiiess = 82 ppm x phieh _ 82 ppm x phigh, phish | phigh _ 1,
where AY = 82 ppm, —82 ppm are the canonical values for the §, & tautomers, respectively (1). Resulting pK, (p9") values from the combined ">N and "H fits
are 5.84 + 0.03 (95.9%), 6.10 + 0.03 (91.5%), 6.55 + 0.03 (78.0%), 4.63 + 0.20 (93.4%), and 7.32 + 0.03 (48.8%) for residues 6, 13, 23, 57, and 87, respectively.
Lower are fit analogously using the three carbon datasets, Ac'mea‘=wc, —wes2, Weer, and e, vs. pH. Values of pgigh and pQ"g" were obtained from the
C,meas

relation AL = 18.8 ppm x phigh 10.1 ppm x pgigh(Table S1). Resulting pK, (p"9") values are 5.82 + 0.03 (90.0%), 6.05 + 0.03 (86.1%), 6.56 + 0.03 (79.0%),

e

4.74 + 0.46 (93.4%), and 7.35 + 0.03 (48.8%) for H6, H13, H23, H57 and H87, respectively.
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Fig. S2. '3C CEST-based pulse sequences for the measurement of histidine pK, values and tautomer populations in invisible protein states. Uniform '3C la-
beling is assumed. In all sequences, 'H polarization is transferred from aromatic protons to the desired carbon nucleus to generate '*C Z magnetization. During
the relaxation period, T,,, a weak B, field (Table S2) is applied at an offset frequency that is arrayed to produce the characteristic CEST saturation profiles
shown in Fig. 2 B-E. Magnetization is then encoded with the carbon chemical shift (B and C only) and transferred to the aromatic proton for detection.
Simultaneous carbon and nitrogen broadband decoupling is used during acquisition in all sequences, to suppress one- and two-bond 'H-'3C and 'H-'°N
couplings. Broadband carbon decoupling is achieved with a 1.6-kHz WALTZ-16 sequence (1) at 11.7 and 18.8 T, whereas adiabatic >N WURST decoupling (2)
With Bj max of 0.37 (0.49) kHz is used at 11.7 T (18.8 T). The latter decoupling scheme uses a 10-ms constant-adiabaticity WURST-20 shape with a 100-ppm
bandwidth centered at 205 ppm. Radiofrequency fields during T, offset frequency ranges and additional experimental parameters are listed in Table S2. (A)
One-dimensional CEST pulse sequence for measurement of "Jc,. Solid narrow (wide) rectangles indicate maximum power 90° (180°) pulses. All pulses are x
phase, unless otherwise noted. Short, open rectangles indicate weak, continuous wave (CW) irradiation used for magnetization transfer (T,) or CEST (7).
Selective magnetization transfer is achieved through the Hartmann-Hahn effect (3), with matching proton and carbon weak B; fields of \/3/4~1ch1-:£ ~95 Hz (4)
for a duration T, = 1/"Jc.. = 4.75 ms. During this time both "H and '3C carriers are positioned at the resonance frequency of the spin in question. At points
a and c the 'H carrier is shifted to the water signal with the pulses on either side of the high power "H 180°s applied for a duration of ~1.5 ms with a rect-
angular shape, optimized to suppress the residual water signal. The proton carrier is returned to the aromatic proton resonance position at point b and after
acquisition. The carbon carrier frequency is set on resonance with the histidine '3C signal throughout the experiment, except during the T, period where the
frequency is arrayed to produce the CEST saturation profile (one dataset for each frequency). The Eburp-1 pulse (5) (90°) marked “ali” at the beginning of the
sequence has a length 1.5 (0.9) ms at 11.7 T (18.8 T) and is centered at ~1.85 ppm so as to excite the aliphatic region and water signal, leaving the aromatic spins
unaffected. The net result is that aliphatic magnetization is preserved along Z during the interscan delay, enhancing the recovery rate of the aromatic proton
signal of interest. An eight-step phase cycle was used with ¢1 = 2(x) 2(—x), $2 = 4(y) 4 (-y), $3 = x —x, and $prec = x —x —x x —x x x —x. Gradient strengths (lengths)
in units of G/cm (ms) are g0 = 16 (1.0), g1 = 12 (0.5), g2 = —30 (0.5), and g3 = 20 (0.6). (B) Pulse scheme for measurement of '*Cs, chemical shifts. Solid narrow
(wide) rectangles indicate maximum power 90° (180°) pulses, with all pulses along the X axis, unless otherwise noted. 'H, *C pulses are applied at 4.7 and
126 ppm, respectively; for each '>C plane the carbon carrier is positioned at a different frequency during T, as described above. 'H decoupling is achieved
during the CEST period using a 3.77-kHz 90,-240,-90, element (6) (11.7 T), as described previously (7). A proton purge element (for water suppression) is applied
after the CEST block with x and y pulse durations of 2 and 3 ms and a field of 7 kHz. The nitrogen pulse in the middle of the t; period is of the composite variety
(8), centered at 180 ppm, wherea the 3¢ Reburp pulse (5) (0.75 ms, 11.7 T) denoted “C8" refocuses evolution from the ’ch@z coupling, preventing loss of
magnetization. Owing to the isolated nature of the histidine resonances studied here, magnetization evolution from the 1.](_‘;,(’52 coupling is allowed to occur
during the short t; acquisition time (typically ~5-7 ms < 0.5/']05(52 so that multiplet structure is not observed). Delays z,, 7, = 1/(4Jcy) and & are set to 1.1, 1.25,
and 0.45 ms, respectively, while z. = 7, — 0.5xpwc, where pwc is the pulse width of the C5 pulse. A four-step phase cycle was used with ¢p1 = x —x, $p2 = 2(y) 2(-y),
$3 = x, and ¢rec = x —x —x x. Gradient strengths (lengths) in units of G/cm (ms) used are g0 = 15 (1.0), g1 = 20 (0.5), g2 = 30 (0.8), g3 = -8 (0.6), g4 = —32 (1.0),
g5 =-20(0.7), g5’ = —20(0.91), g6 = 30 (0.2), g7 = 12 (0.2), g8 = 18 (0.5), and g9 = 29.6 (0.1). Quadrature detection is achieved in the indirect dimension by
recording a pair of spectra for each t; value with (3, g6) and (¢3 + 180, —g6) (9, 10). Axial peaks are shifted to the edge of the spectrum by incrementing $2
and ¢rec by 180° for each successive complex t; point (11). (C) Pulse scheme for the measurement of 13CY chemical shifts. Solid narrow (wide) rectangles indicate
maximum power 90° (180°) pulses (along the X axis, unless otherwise noted). 'H and '3C pulses are centered at 4.7 and 126 ppm respectively. Magnetization
transfer is achieved using a scheme where both hetero- ('Hs, to 13C5,) and homonuclear (3Cs, to 13CY) transfers occur simultaneously during Ty, with
a subsequent homonuclear transfer time of Tg;,. Simulations and experiment have established that either DIPSI-1 or DIPSI-2 schemes (12) can be used, with
similar net transfer times (9 ms). In the case of DIPSI-1, three cycles (Ty;,) and two cycles (Ty;,) are used along with 8.5-kHz 'H, '3C B, fields, whereas the DIPSI-2
transfer uses two (7y;,) and one cycles (T'g;p) and a 10-kHz field. Transfer efficiencies on the order of 85-90% are obtained, neglecting relaxation. 13Cﬁ de-
coupling is achieved during t; by the application of a pair of constant adiabaticity WURST-8 fields (2, 13, 14) (combined maximum field strength of 1 kHz, 11.7 T).
The first is centered at 35.5 ppm with a bandwidth of 25 ppm, whereas a second symmetric decoupling element is centered at 234.5 ppm, with a reverse
sweep to minimize Bloch-Siegert artifacts (15, 16). Because the sequence also generates ('3C,;,"H,;) correlations, a 180° proton pulse is applied at the center of t;

Legend continued on following page
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12.
13.
14.
15.

to remove splittings from "Jc,, couplings. A four-step phase cycle was used with ¢1 = 2(x) 2(—x), $2 = x, $p3 = y —y, and ¢rec = x —x —x x. Gradient strengths
(lengths) in units of G/cm (ms) are g0 = 15 (1.0), g1 =30 (1.0), g2 = 20 (1.0), g3 = 16 (1.0), g4 = 24 (1.0), and g5 = —18 (1.0). Quadrature detection is achieved in
the indirect dimension using the States-time proportional phase incrementation approach (11), by incrementing ¢2.
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Fig. $3. Further validation of NMR methodology. (A) The pH dependence of the relative stabilities of / and N have been calculated using thermodynamic
values determined by Gorski et al. (1). For comparison purposes, the experimental values from table 2 of Gorski et al. (1) are recast as AGn_pn=
AGy_pH — AGy_n,pH, aNd AAGnpr = AGN_ipH — AGn_rer, Where AGy_, er = 12.3 kJ/mol (pH 6.6). The dashed line denotes the expected pH dependence of
stability calculated from Eq. 3 and the pK, values of H40, H47 of I, measured as described in the main text. (B) The pH dependence of k; and kpy, from
fluorescence-based literature values (1). Solid lines are best-fits of the data using Egs. S7 and S9 assuming / state pK, values determined in the present work.
Shaded regions in A and B represent the 68% (dark) and 95% (light) confidence range. The extracted average pK,(TS) value for H40/H47 is in excellent
agreement with that obtained from fits to the CEST data. It is worth noting that although stability or rate profiles vs. pH can be obtained for Im7 through
careful fluorescence studies, only the NMR methodology described here provides site-specific pK, values and tautomer states for histidine residues of the

invisible / state.
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1. Gorski SA, Capaldi AP, Kleanthous C, Radford SE (2001) Acidic conditions stabilise intermediates populated during the folding of Im7 and Im9. J Mol Biol 312(4):849-863.
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Table S1. Literature values for the histidine ring carbon chemical shifts of interest along with
those from the present work

Frequency, ppm State Reynolds et al.* Cheng et al.” Li and Hong* This work®
we, 8 129.7 127.5 (129.6) 131.9 125.7 + 2.2
+ 130.6 131.7 131.4 131.2 + 0.7
e 137.7 140.2 (136.7) 140.0 135.7 + 2.2
wes2 ) 129.4 131.1 (127.6) 128.1 125.6 + 2.1
+ 121.1 123.4 122.1 120.6 + 1.3
€ 122.8 117.3 (119.3) 116.0 116.9 + 2.1
A =wc, —wen 5 0.3 -3.6 (2.0) 3.8 0.1+3.0
+ 9.5 8.3 9.3 106 = 1.5
e 14.9 22.9 (17.4) 24.0 18.8 + 3.0

All chemical shifts are rereferenced to 2-2-dimethyl-2-silapentane-5-sulfonate from their original values.
*Histidine (amino acid) and methyl-histidine values from Reynolds et al. (1).
instidine—containing dipeptide values from Cheng et al. (2). Listed are the extreme (average) chemical shifts
from the set of dipeptides attributed to a particular conformational state.
*Solid-state NMR pH titration values taken from Li and Hong (3). Chemical shifts for the ¢ tautomer are the
average of the neutral and anionic ¢ tautomers reported.
SValues obtained from the present study using Biological Magnetic Resonance Data Bank data, as described in A
Strategy for Studies of Histidine Side Chains in Excited Protein States (main text).

1. Reynolds WF, Peat IR, Freedman MH, Lyerla JR, Jr. (1973) Determination of the tautomeric form of the imidazole ring of L-histidine in basic solution by carbon-13 magnetic resonance
spectroscopy. J Am Chem Soc 95(2):328-331.

2. Cheng F, Sun H, Zhang Y, Mukkamala D, Oldfield E (2005) A solid state 13C NMR, crystallographic, and quantum chemical investigation of chemical shifts and hydrogen bonding in
histidine dipeptides. J Am Chem Soc 127(36):12544-12554.

3. Li S, Hong M (2011) Protonation, tautomerization, and rotameric structure of histidine: A comprehensive study by magic-angle-spinning solid-state NMR. J Am Chem Soc 133(5):
1534-1544.
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Table S2. Acquisition parameters used to record data

+

Experiment Bo, T nt* pts SW, ppmt at, ms$ B4, Hz Trie MS Carrier, ppm'ﬂ Offsets/range, Hz
pH 6.60, 10 °C, kex =323 + 45", p;=15+0.1%
2D "N cgsT!l 1.7 4 48/512  17.6/16.0  53.4/64.0 20 600 118.8 59/—1,000—750
40 400 118.8 59/—1,000—750
1D "3C,4 - H40 (Fig. S2A) 18.8 400 (x2) 384 15.0 32.0 15 1,000 140.8 88/-2,000— 1,500
45 400 140.8 88/—2,000—1,500
1D '3C,; (decoupled) - H40**  11.7 256 512 24.0 426 20 600 140.8 56/—1,500—1,000
40 400 140.8 56/—1,500—1,000
1D '3C,; - H47 (Fig. S2A) 18.8 96 (x3) 512 15.0 426 15 1,000 139.4 74/-1,500—1,500
45 400 139.4 74/-1,500—1,500
1D '3C,; (decoupled) - H47**  11.7 64 512 24.0 42,6 20 600 139.4 56/—1,500—1,000
40 400 139.4 56/—1,500—1,000
2D "3Cy, (Fig. S2B) 1.7 16 20/512  28.0/16.0 5.5/64.0 30 500 125.5 42/-2,000—0
60 400 125.5 42/-2,000—0
2D "3¢, (Fig. S20) 1.7 8 32/512  32.0/16.0 7.8/64.0 20 600 128.2 55/—550—2,750
40 400 128.2 55/—550—2,750
pH 6.25, 10 °C, ke = 256 + 45, p; = 3.5 + 0.1%
2D 5N CesT!l 1.7 4 48/512  17.6/16.0  53.4/64.0 25 125 118.8 59/—1,000—750
100 100 118.8 59/—1,000—750
1D "3C,; - H40 (Fig 52A) 18.8 256 (x2) 384 15.0 32.0 10 1,000 140.8 88/-2,000—1,500
30 250 140.8 88/-2,000— 1,500
1D "3C,, - H47 (Fig. S2A) 18.8 96 (x2) 512 15.0 42,6 10 1,000 139.4 74/-1,500—1,500
30 250 139.4 74/-1,500—1,500
pH 6.07, 10 °C, kex = 167 + 957", p; = 17.4 + 0.4%
1D '3C,; (decoupled) - HA0**  11.7 256 512 24.0 42.7 20 200 140.7 46/-1,000— 1,000
60 125 140.7 30/—1,000—1,000
1D '3C,; (decoupled) - HA7**  11.7 256 512 24.0 427 20 200 139.4 46/—1,000—1,000
60 125 139.4 30/-1,000—1,000
pH 5.73, 10 °C, kex = 156 + 115", p; = 46.5 + 3.7%
2D 3C,; (decoupled)'™ 1.7 32 24/512 16.0/16.0  11.7/64.0 20 150 138.5 24/-700—700
60 100 1385 24/-700—700

*Number of transients (nt) per free induction decay. In parentheses are the number of duplicate measurements recorded of each experiment.
"Number of complex points (pts) acquired in t;/t,.

*Spectral widths (sw) in the indirect/direct dimensions.

STotal acquisition time (at) for the indirect/direct dimensions.
YEach CEST profile is generated from N experiments, with the '>C carrier positioned over a range of frequencies extending between Q1 to Q2 Hz from the
carrier position listed. For example, first line: 59 spectra were recorded with a 20-Hz B, field placed at offsets of —1,000 to 750 Hz from 118.8 ppm.
HAcquired as described in Vallurupalli et al. (1).
**The pulse sequence in Fig. S2A was modified to include a 90,-240,-90, proton decoupling element during the T, period, as described for the experiment of

Fig. S2B.

Data acquired using the scheme of Fig. 52C with Tyip = 0 and with the 90,-240,-90, proton decoupling sequence added to the Ty, period.

1. Vallurupalli P, Bouvignies G, Kay LE (2012) Studying “invisible” excited protein states in slow exchange with a major state conformation. J Am Chem Soc 134(19):8148-8161.

Table $3. Im7 histidine pK, values

State
Histidine Native <Transition> Intermediate
H40 <5 6.3 + 0.1 6.9 +0.3
H47 <5 6.3 + 0.1 6.9 +0.2

Im7 histidine side-chain pK, values as determined in the present work.
Owing to the disappearance of signals in the NMR spectra with decreasing
pH, only an upper limit of the native state pK, values is determined. A model
(Eqgs. S7 and S9) was used to determine an average pK, of the histidines
in the TS. Intermediate state pK, values are determined using the "Jc,p.
couplings shown in Fig. 3 A and B.
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